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Preface

. On April 27, 1982, at the 1982 American Society of Civil Engineers Kational
Spring Convention held in Las Vegas, Nevada, the ASCE Engineering Mechanics Divi-
sion Committee on Experimental Analysis and Instrumentation sponsored a session
entitled "Physical Modeling Techniques for Missile and Other Protactive Struc-
tures”. The oral presentations made in this session were summary versions of the
papers comprising this volume. The papers presented herein are concerned with
experinental research programs related to the development of protective struc-
tures for missiles. Further, most are reports of work carried out, under Depart-

mant of Defense auspices, in support of development of M-X missile protective
shelter concepts. '

During the early stages in plaaning the convention session it became readily
spparent that there vas considerable interest in the session among those who had
performed research and developmental work for the M-X project. Since it would
have been impossible to accomodate all qualified papers within the limits of the
session, the sponsoring Committee decided that publication of a volume of all
these papers was indicated. ' This volume is the product of that decisiom.

The majority of the papers were necessarily subject to reviev by appropriate
ailitary security asuthorities prior to release for publicacion. The sponsoring
Coumittes is indedted to Lt. Col. Niel Buttimer and Lt. Carol Schalkman of BMO/PA,
Norton Air Force Base, California for their cooperation in expediting this task.

Oftentimes the informstion on experimental techniques and physical modeling
generated as s result of specialized militaty contract work is lost to the genersl
engineering audience because of the lack of a suitable forum for reporting the
vork. It is the hope of the sponsoring Committee that this collection of papers
will ba of interest not only to those directly concerned with the M-X project,
but also to those vho ars seeking knowledge regarding unique and differant appli-

cations of physical modeling and experimental analysis.

Sessicn Co~Chairmen:

Theordor Krauthsmmer
C. D. Sutton

Committee ou Experimental Analysis and
Instnmentaticn

Engineering Machanics Division
Anarican Society of Civil Engineers
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THE USE OF PHYSICAL MODELS IN DEVELOPMENT
OF THE M-X PROTECTIVE SHELTER

By Eugene Sevin!

1. INTRODUCTION

At the heart of the controversy over the M-X weapons system develop-
ment has been the plan for basing the missile; that is, how a force of
some 200 M-X missiles can be made to survive a massive attack of
several thousand nuclear weapons. Until recently, the preferred
basing was the so-called Multiple Protective Structure (MPS) concept
where the actual locations of the missiles were concealed among a
large number of hardened structures under the assumption that an enemy
could not "afford® to attack all possible locations.

In view of the presumed accuracy of enemy warheads, no one shelter is
intended to survive a direct nuclear attack. However, to enforce the

"price,” multiple shelter kills from the same attacking weapon must be

avoided. Thus, the requirement for nuclear hardening (i.e., to avoid
collateral damage from an attack on a neighboring shelter) has been a
primary consideraticn in shelter configuration, land requirements
(i.e., shelter spacing) and, hence, system cost.

While the level of hardening selected for the seaveral MPS variants
generally has been well within the state-of-the-art of protective
facility design, the magnitude of the construction program {$3 billion
for shelter-related costs in FY 1978 dollars; $11 billion for the
entire military construction program--about twice as much in “"then
year® dollars) is nearly without precedent, Thus, cost considerations
have motivated the search for innovative structural concepts and con-
struction methods, and have driven design margins to the minimum. It
has been in the latter regard that physical modeling has played an
extremely influential role in the M-X shelter design process.

The majority of the papers in this session deal with one or another
aspect of these activities undertaken in support of M-X protective
siciter development over the past six years. This paper considers the
scope of physical modeling employed in the desigr of the three primary
protective shelter concepts for the M-X missile: the Shallow Buried
Trench, the Yertical Shelter (Silo), and the Horizontal Shelter,

_However, emphasic is on the trench-related models because they are

more innovative and relatively less well known.
2. OVERVIEW

In 1976, the Air Force entered into a two-year concept validation
program to select a final (sic!) basing mode for the M-X missile. The

Tassistant to the Deputy Director (Science and Technology) for
Experimental Research, Defense Nuclear Agency, Washington, DC 20308
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two main candidates at that time were the (1) Horizontal Shelter--an
earth-mounded, garage-type structure for a single missile and its
transporter/erector/launcher (TEL) interconnected by an extensive open
road network, and (2) the Shallow Buried Trench--a single 35 km long
section of underground tube allowing random movement of a missile/TEL
*train." The entire 200 M-X missile force would require either 4600
horizontal shelters or 200 lengths of buried tremch to meet minjmal
survival goals under the postulated threat.

As the horizontal shelter and buried trench designs became better
defined, and their estimated costs increased, interest was renewed in
other basing alterratives. A comprehensive basing review was under-
taken in mid-1978 and, as a result, both concepts were abandoned in
favor of a vertical shelter system. As seems to be the fate of M-X,
however, the silo was replaced only one year later by a more austere
version of the horizontal shelter, as a conseaquence of mounting
concerns over ams control implications--a principal reason for
rejecting silos in the first place. Thus, by 1980, M-X basing

"virtually had come full-circle.

The muclear hardness requirement for both the horizontal shelter and
buried trench corcepts was selected to be in the 400 to 600 psi over-
pressure range on the basis of system cost optimization studies.

(N.B. 600 psi peak surface pressure occurs at a distance of about ,
565 m from a one megaton (1 MT) surface burst). Optimum hardress for
the vertical shelter was detemined to be between 1000 and 1500 psi.

Each shelter concept was to be hardened in a balanced manrmer against
all nuclear weapons effects (e.g., nuclear and themmal radiation,
electromugnetic pulse, dynamic pressures, and crater ejecta), and
physical models were employed extensively to develop design acproaches
ard t9 gather hardness data in all of the disniplines involved, This
paper, however, will be concerned entirely with the use of physical
moczls relatimg to 'last and shock resistant design.

The scope of the modeling effort undertaken for the three basic
shelter configurations is summarized ir the Test Objective Matrix
tables (Tables 1-3). These activities wore conducted over a six-year
period and involved major laboratory and field investigations employ-
ing mechanical test devices, high explosive (HE) simulations of
rmuclear airblast and ground shock, and underground nuclear tests.

Small-scale (1/100 to 1/40) non-responding modeis were used to
detemmine airblast lcads vni the horizontal shelter. Intermediate
scale (1/21 to 1/5) responding models of generic structural elements
provided information on critical response features for all comcepts,
assisted in the screenimg of altermative shelter design approaches,
ard lent insight into fidelity requirements for blast and shock load
simulators. Larger scale (1/2 to 3/4) models of complete structural
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systems, notably for the buried tremch and horizontal shelter concepts,
helped resolve significant design issues relating to structure-medium
interaction, structural subsystem interactlons, and the motion
envirorment specificatlons for internal shelter equipment. Relatively
lesser effort was devoted to the vertical shelter because of the
existing data base for silc structures.

3. THE SHALLOW BURIED TRENCH

In the shallow buried tremch concept, location of the missile was
corcealed by its intemmittent movement within a buried tube. The
original baseline design, unifommly hardened against €00 psi peak
surface loads (Fig. 1), was a fiber-reinforced comcrete cylinder,

4 m internal diameter, 40 cm thick with 1.5 m soil overburden. The
missile canister could be erected at any location by being forced wp
through the roof of the tube and soil overburden; the top was jointed
to facilitate this action. (N.B. Two alternative full-sized breakout
mechanisms were demonstrated successfully during trench development.)
In view of its large cost, a hybrid trench corcept subsecuently was
developed with hardened sections svery several thousand feet {(from
which the missile could be erected more conveniently) connected by
unhardened tube sections of conventional design.

To protect the missile against the possibility of alrulast entering
through damaged "upstream® portions of the tremch, massive plugs were
provided at either end of the missile/TEL train. The unifomly
hardened tube had internal ribs that acted as stiffermers and aided in
locking the blast pilugs to the tube walls. Eliminating the ribs in
the hybrid design was another significant cost savimg.

A variety of physical models were used to gain insight into the
loading and response of the tube structure and blast plugs in an
effort to demonstrate the feasibility of the concept and to develop a
data base for minimum cost design. The scope of this ambitious
experimental program is summarized In the Test Objective Matrix,
Table 1. The purpose of most of the structural model testirg was to
detemine response modes and post-yleld capacity of the flber-
reinforced concrete tube for a representative ramge of cylinder and
backfill stiffness and breakout jolnt details. The primcipal static
response tests /1-3/ and dynamic response tests /4, 5/ are reported in
this session. '

The blast plug was a major design consideration. It was postulated
that airblast leads could be intrduced Into the tube upstream of the
blast plugs by (1) airblast leakage through tube sections damaged by
surface pressures in excess of &00 psi, (2) internally generated
airblast due to pistori-like implosion of the tube (caused by external
airblast and ground shock loading) or, for small miss distarces, (3)
breeching of the tube by the attacking weapon or the resulting crater.
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Inasmuch as the latter case could not be ruled out from projections of
weapon delivery accuracy, the concern that the trench might become a
gigantic nuclear shock tube destroyling everythirg within, came to be
the dominant feasibility issue for the trench concept. Theoretical
studies indicated that pressure leakage within the tube would not
produce as severe in-tube envirorments as[the other mechanisms. Two
possible implosion modes were considered, one dominated by the
close~-in ground shock and the other, a progressive collapse of the
tube roof, caused by the surface airblast, The latter so-called
"toothpaste tube" response was investigated early-on in a high
explosive field experiment. in which a 1/8|scale section of tube was
exposed to pesk surface overpressures decaying from 5000 psi to 1500
psi along its length /6/. The test results demonstrated that pro-
gressive collapse of the tube could occur, but would not give rise to
a propagating air shock, despite measured|local pressure peaks of
nearly a kilobar. This served to cormborate theoretical analyses and
led to dismissing this mechanism as a mesns of generating significant
in-tube pressunes. )

Preliminary calculations suggested that the ground shock-induced
implosion mechanism depended sensitively on the nature of the coupling
ard tube collapse mechanism, and could cause a much more severe ‘
in-tube envirorment. This mode of response was studied experimentally
in a series of high explosive tests on a 1/16 scale section of buried
tube /7/. The experimental setup is shown in Fig. 2. A rectanmgular
slab of TNT was positioned on the ground surface directly above the
tube and sized to induce a 90 kbar shock at the tube wall (based on
source region predictions). Primary instrumentation consisted of
high-speed photography to record the tube collapse process, air and
impact pressures within the rapid closure region directly under the
charge, shock time of arrival (TOA), pressures along the tube and
conditions within the free-field. | .

g
H

Two instrumentation check-out tests were cm:cted using commercially
available 6 in diameter concrete pipe. Fig. 3 shows the collapse
process at a cross-section within the rapid closure region as con-
structed from high-speed photographic recaords obtained in crne of these
tests. A comparison with pre-test predictions also is shomn. while
the general shape and timing of the upper tube surface is reproduced
well, formation of the two-lobe pattern was not anticipated. It was
estimated that the pressure within the lobes did not exceed about

1 kbar, and was the first indication that this collapse mechanism
might not prove effective in generating a strong shock in the tube.

Data recovery from the main experiment was disappointing. The Fastax
camera broke before reaching full speed, and only the first phase of
tube collapse within the rapid closure region was recoxded. Even
then, surface blow off material obscured mUch of the early time
record. Nevertheless, observations were consistent with those of the

|
|
|
|
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preliminary tests. The lobe pattern formed, trapping air at the sides
of the tube and preventing the unifomm build-up of large pressures as
the tube completely collapsed. Pressures along the tube, as measured
and inferred from TOA data, are shown in Fig. 4, indicating the .
absence of a strong propagating air shock outside of the rapid closure
region. The results of these experiments led to the development of a
"leaky-piston" response model for the ground shock-dominated collapse
mechanism, according to which the preliminary estimates of the in-tube
envirorment were reduced significantly.

- The breeching mechanism refers to the direct coupling of a portion of

the bomb's energy to the tube and occurs whenever the radius of

-vaporization (about 10 m for a 1 MT burst) intersects a portion of the

tube. A worst case scenario clearly 1s when the bomb lands directly
overhead, penetrates the overburden, and detonates inside the tute.
In this event initially all of the bomb's energy is coupled directly
to the tube.

A more probable cccurrernce is when the bomb detonates on the surface
directly oveairead. It is estimated that oniy about 1 percent of the
energy counles to the tube in this case, the balamce going into the
fireball (95%) and other regions of the ground. Unfortunately,
reducing a 1 MT on-lire surface burst to the equivalent of a 10 KT
in-tube burst did not appear to resolve the feasibility of designing
a survivable blast plug.

Detailed two-dimensional iadiation coupled hydrodynamic calculations
indicated that (for a 1 MT surface burst) only about 30 percent of
erergy initially coupled remains in the {volume bounded Ly the
expanding) tube after the first 100 msec /8/. The effective source
region for the in-tube airblast consists of hot vaporized soil ard
tube wall material mixed with air extending cut to about 6 m in either
direction from the point of the explosion. At these early times, the
shock pressures in the tube remain relatively constant as the miti-
gating effects of various flow loss mechanisms are counteracted by the
collapsing action of the tube under the outrunning surface air blast.
The interior shock was expected to overtake the surface airblast after
about 7 msec (and 180 m from the source), whereupon expansion of the
tube volume and venting of tube gases to the atmosphere became
significant lcss mechanisms.

The gas behind the shock front at this time is in a very high enthalpy
state (pressures of 5-15 kbar and temperatures of 1-10 electron volts),
far in excess of the level reculred to vaporize the tube walls. While
entrairment of ablated wall material serves to slow and cool the flow,
the quantitative effect depends strongly on the fommation of a
turbulent boundary layer behind the shock and the consequent flow
mixing process. At pressures below about 10 kbar, the shock atterwu-

. ating effect of wall friction was thought to be important also.




An intensive effort was undertaken to model these loss mechanisms and
to quantify their influence on shock attenuation. The "then”
state-of-the-art predictions of peak shock pressures within the tube,
highlighting the effect of losses, is shown in Fig. 5. It seemed
clear that, if the "no loss" case prevailed, pressures in excess of
40,000 psi at the plugs would render the trench concept infeasible
(accepting the premise of an on~line surface burst attack). A* the
other extreme, the combined effect of all loss mechanisms suggested
that this near worst case attack scenarioc was no more severe than an
of f-1ine attack at the 600 psi hardness level, and well within the
capability of plug design.

In view of the these extremes, and the uncertainties associated with
the theoretical basis for the predictions, a major experimertal
program was undertaken in early 1977 (see Table 1). The high enthalpy
flows required to study the role of ablation (of crucial importarce as
seen in Fig. 5) could be cbtained only from a nuclear source. Accord-
ingly, an underground auclear test (HYBLA GOLD) was conducted to ‘ )
obtain ablation data on concrete pipes, 15 cm to 90 cm diameter; data
on wall friction, tube expansion, and the influence of ribs alsoc were
obtained. Description and results of this fascinating test must be
obtained elsewhere /9/. Suffice it to say that a wealth of data was
obtained which, in conjurction with Tollow-on laboratory experimenta-
tion and considerable theoretical woiik, led to an acceptably complete
understanding of the tole of ablation in shock attenuation, the upshot
of which is mentioned later.

The major modeling urcertainty associated with venting had to do with
early-time expansion and cracking of the overburden, and fommation of
flow paths to the surface. Sufficiently rapid venting immediately
upstream of the blast plug (where reflected pressures increase some
seven-fold) would limit the impulse delivered to the plug and suggest
an energy ahsorbing plug design. Because of the need to maintain a
fre;ne surface, venting experiments were restricted to lower pressure
regimes.

Shock tube experiments employing fiber-reinforced comcrete models at
1/26-size (6 in inside diameter) were perfommed to stugdy “-ibe

expansion and venting and plug/tube interactions /10, 11/. The models
had simulated breskout joints and were buried to scaled depth in
representative solls. In-tube pressures of between 400 psi and 3600
psi were generated with an explosively driven shock tube by reflecting .
the shock from a rigid wall at the end of the test section. A Lucite
window was used for the reflecting wall so that the tube and soil :
resporse could be photographed from the end by a high-speed movie ]
camera; the soil surface was phctographed from the side as well. :
Pressures were measured within the test section on the reflecting wall '
and, for tne plug tests, behind the plug assembly.
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The experimental setw for the expansion and venting tests is shown in
Fig. 6. A representative suite of da‘a for one of the tests (700 psi
reflected pressure) is presented in Fig. 7. The high-speed movies
sivow that cracks form in the tube almost immediately after shock
arrival., The tute then expands symmetrically until a rarefaction wave
retums from the free soil surface, whereupon the roof moves off at a
greater speed than the lower portion. Typically, vernting to the
atmoschere begins at a roof crack near tha crown when the roaf has
moved about to the level of the origimal soll surface. :

Oce venting starts, the trench “unzips® along its length at roughly
the speed of the reflected shock. Over the range of parameters
investigated, the roof motion depended on the pressure levels and
densities of the soil and tube material, but not on their strengths.
Soil strergth did affect expansion of the lower tube sections. Roof
cracking and vent initiation were influenced bv the strergth ard
geometry of the tube; at higher pressures, ver.ing occurred soormer and -
at correspondirgly lesser roof displacement. venting, even at late
times, occurs only directly sbove the crown,

Cardidate M-X hlast pluwg designs cmbimd the corcepts of an upstream
"leaky plug" w.dch allows some blow-by and a downstream "solid plug”
tc completely seal off the trerch and rroviie a safe section for the
missile/TEL. Three plug/tube interaction test~ were performed using
smooth and ribbed tube sections; short and lor:; solid plug models and
a simplified leaky plug model were used. The uxperimental satup was
the same as in the venting tests, exceot for a longer shock tube.
Additional measurements included pressures behind the plug and
reaction forces on the plugs.

The leaky plug model {3 shown in Fig. 8 and wss intended to represent
the first of a two-stage lesky/solid pluq design. Representative data
for a nominal 800 psi ircident loading (3600 zsi plug face loading)

- are shown in Fig. 9. A post-test photo is shown in Fig. 10, The

results indicated that longitudinmal cracking of the tube cay defeat
the plug furction. In both the showt solid ard leaky plug tests,

‘longitudinal cracks propagated beyond the plug face, allowing the

surrounding tube to expand and providing a substantizl flow path for
the high pressure upstresm gas to blow by the plug. However, the
longer solid plug performed more successfully, suggestino the feasi-
bility of the two-stage concept. Indeed, by tha corclusion of the
trench development program, the Alr Force had demonstrated two
suceessful full-size blast plugs at the 600 psi cesign lsvel,

The cooperative effort between theory and experiment led to
substantial revision in the comuter-based prediction methods and the
development of "second gereration” codes. These were utilized in an
extensive serles of parametric analyses desling with airblast
pronegation urncertainties /8/. Ablation was detemined to be the

e T i A o 10, bt VAR AN Y



dominating atterustion effect for nesr-miss surface bursts (within
about 10 m for 1 MT), resulting in pressurss at the plug less than
those on the surface. Expansion and venting, on the other hend, was
found to contribute very little to shock atteruation, contrary to
earlier expectations. For off-lins attacks whers tube collapse is
driven by the fireball, surface airblast and ground shock, sblation
effact: were insignificant and the trench concept appesred ent.irely
feasible.

A, SOMMARY

The design of candidate M-X protsctive shelters made extensive use of
engineering data developed from tests on physicsl models. This peper
has descriter the effort associated with structurai hardening of the
three principal M-X shelter concepts: Horizontal Shelter, Vertical
Shelter, end Shallow Buried Trench. Primery emphasis wes on the
trerch concept in which a highly coordinated program of theory and
experiment provided the data base for (1) characterization of the
airblast loading within the trench structure (i.e., shellow buried
tube), (2) feasibility determination of blast plug corcepts, end (3)
developing a minimum cosi design for the hardened shellow buried tube.

The experimental activities swpporting this effort included laboratory
cnd field shock tube testing, high explosive field testing, and an
undergrourvd nuclear test. Most innovative, from s structursl emgineer-
ing perspective, was the modeling of (1) couwpled airblast snd ground
shock loading and dsmege-level response of shallow buried fiber-
reinforced corcrete tubes, (2) expension snd venting of ths tube under
internal airblast loeding, snd (3) coupled flow-structurel response of
the plug/tube system. :
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Fig. 3. Tube crush-up: Comparison of measursments and predictions
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TESTING OF REDUCED-SCALE CONCRETE MX-SHILTERS

SPECIMEN CONSTRUCTION

KEY WORDS: Br.:akout Jjoint; COnsttuctiom liner thickness;
Missle; Modelr; Plain concrete; “Reinforced concrete;
Reinforcement; SAL panel; Shelter; Structural engineering; Stud
spacing; Tolerances; Variables; wWall thickness

ABSTRACT: An experimantal prugram irvolving congtruction and
testing of =-=2duced-scalu <oncrete Horizontal MX-Shelters was
conducted, This paper describes the censtruction of 43
reduced-gcale cement models of the Shelters, Twenty-two
different prototypes were constructed. All specimens had a-

2-ft (0.61 m) insicde diameter witn plain or reinforced concrete

w#alls 1.8 (46 m)' or .2.4;-111. {61 mm) thick. Specimen test .

length was 4 £t (1.22 m) with 1 ft (9.30 m) at each ernd for

load transfar,

Variables .n sape:imern oonstrection 1nc1uded wall thickness,
amount ¢f relnforcing, lreakout oint details, liner th'ickneés,
spaziry of 'sﬁ'zds, and z-xnsezi grnp of the SAL inspection
panet., Sengitivity of test ‘esults to variations in specimen
dirarsionrs cequired unisually .ri3id tolerances., In spite of
varufaciuting CoFplexj:ies, sprcimens were nmanufactured a@ a

crte of three p=s weay,
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TESTING OF REDUCED-SCALE CONCRETE MX-SHELTERS

SPECIMEN CONSTRUCTION
by
'Adrian T. Ciolko*

INTRODUCTION

An e*perimental program involving construction and testing
of reduced-scale concrete Horizontal MX-Shelters was conducted
by Construction Technblogy Laboratories, a Division of the
PoztlanGFCement Association. The program included 43 specimens
tested under static loading conditions., Each specimen repre-

sented a "candidate design™ being considered for ptototype

construction.

One deployment concept involved MX missiles stored in under-
ground horizontal shelters, One purpose of the shelter was to
protect the missiles from nearby nuclear weapon attack such that
the missiles could be successfully launched after an attack.
In the testing program, loads modeling combinations of forces
that might occur from an attack were applied to the specimens,
Loads consisted of axial thrust and non-uniiorm radia; surface
pressure. Data obtained from this test program were used to

analyze shelter behavior under “known" loading conditions.

* FEvaluation Engineer, Structural BEvaluation Section, Construc-
tion Technology Laboratcries, a Division of Portland Cement
Association, Skokie, Illinois,
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‘ This is the second of three individual papers describing'the
test program. Other papers describe the Zxperimental Progtan{l)

and Instrumentation and Load Control.(z)

OBJECTiVB
The objective of the Specimen Construction program was to
fabricate 43 reduced-scale concrete models of Hx-BOtiipntal
shelters for 'T.esting in the ﬁxp’erinentai Program. () Follow-
ing sections of this paper de#cribe the test specimens, mate-

rials, and construction.

TEST SPECIMENS

All specimens had a 2-ft (0.61 m) inside dianeter with
either pla&‘n or reinforced concrete walls 1.8 (46 mm) or
2.4~-in. (61 mm) thick. As shown in Pig.. 1, specimen test
length was 4 ft (1.22 m) with an additional 1 ft (0.30 m) at
each end for load transfer, Overall specimen length was 6 ft
(1.83 m). At specimen mid-length, there was a 90° wide
removable seg‘ment': 1-ft (0.31 m) long representing the MX-~Shelter
Strategic Arms Limitation‘(‘SAL) panel, Tfnis panel was fitted
into the specimen with "2"-shaped joints, Weakened plane
joints, when required, were simulated at + 45° from the crown

in the remaining specimen length.

Design Configurations

Twenty-two different prototypés were constructed, Bach
design was modeled at‘apptoxinately 1/7-th scale, There were

seven "basic” wall design configurations. They were designated
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as follows:

Al - plain concrete, no SAL panel

A2 - double layer reiniorcement, no SAL panel
A3 - plain concrete, with SAL panel

B) - double layer reinforcement, with SAL panel
B2 - single layef reinforcement, with SAL panel

Cl - steel liner with stud| anchors, plain concrete, with

SAL panel
|

C2 - steel liner with studfanchors, single layer

reinforcement, with S§L panel
Additional variableg'withﬂn the basic design configurations
included wall thickness, amount of reinforcing, breakout joint
detaila, thickness of 1iner, ?pacing of studs, and gap between

inner and outer Z-insert. Variable matrix and quantities are

.given in Table 1.

Acceptance Criteria and Tolerances

~ Because of the sensitivitf of test results to variations in
specimen dimensions, unusuall; rigid tolerances were required.
A construction specificatioq‘ was written(3) which included
procedures for fabrication oi specimens as well as materials
specifications and toletancesé
Acceptance of shelters wa; based on tolerances intended to
prevent unintentionzl eccentricity of loading during tests. 1In
addition, physical dimeﬁsions}and properties had to accurately
model the full-size shelter.% Tolerances of +0.10 in. (2.5 mm)

were required for specimen wail thickness and outside diameter.

f
Specimen length was required to be 6 ft. (1.83 m) + 0.125 in.
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(3.2 mm). Similar requirements were placed on steel reinforce-
ment. Steel cages were tied at tolarances of + 0.05 in. (1.3
mm) on the clear distance to formed surfaces, and + 0.125 in.

(3.2 mm) on the spacing between bars.

MATERIALS
To meet stringent ccnstruction specifications, innovative
materials were developed for modeling concrete shelters. The

following sections describe concrete and steel reinforcement

for the specimens.

Concrete
A micro-roncrete was developed to satisfy modeling require-~
ments as well as demands for casting and consolidation. All
cement was purchased from one manufacturing burn. Type 1III
cement was used. Maximum aggregate size was 3/8 in. (9.5 mm).
A short progr'am of placement tests waé performed to evaluate
consolidation techniques for the micro-concrete. Specimen
mock-ups including reinfércing and simulated SAL panels were
used as shoﬁn in Pig. 2.‘
A 28-day compressive strength of concrete of 6000 psi
(41 MPa) was required for the 4-ft (1.22 m) middle portion of
the specimens. The prbportion of ingredients for the mix were
1.0 part Portland Cement to 4.75 parts aggregate to 0.50 parts
water., In addition, an 8000 psi (55 MPa) 28-~day compressive
strength micro~-concrete was designed for the 1-ft (0.30 m) long

load transfer portions at the specimen ends.




ig. 2 Specimen Mock-

up During Placement Test
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Reinforcing
To satisfy modeling requirements, reinforcing steel was

scaled down., Size D3 cold worked deformed steel wire, annealed
to produce properties of Grade 60 reinforcement, was used as
reinforcing bars. No. 2 Grade 60 plain steel reinforcing bars
were used for dowels in weakened plane joints. Cold drawn
steel wire, size No. W1, was used for fabricating stirrups.

For specimens requiring liner plates, various thicknesses
of Grade 45 cold roiled sheet steel were used, This material
was also used to fabricate- the 2Z-inserts for SAL panels.
Partially threaded 1~5/8-in. (41 mm) long studs with nuts were
used as shear connectors for liner plates. They were welded to
liner plates using drawn arc capacitor discharge stud welders.

Pigure 3 shows a liner plate with attached studs.

FORMWORK AND EQUIPMENT

Because of strict acceptance criteria on shelter models,
steel forms for casting were manufactured with tolerances less
than + 0.01 in. (0.3 mm). Forms consisted of a base ring, an
inner form, and an outer form. The precisely machined bas=
ring héld inner and outer forms in place. The inner form was
rolled and machined from 0.50~in. (12 mm) thick steel plate.
It contained a 4-in. (101 mm) wide removable gate along its
entire length., Removal of the gate permitted collapsing the
inner form. The entire inner form could then be removed from

the interior of the specimen after hardening of the concrete.
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; Pig. 3 Liner Plate with Studs .
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The outer form consisted of 180° wide halves. They were con-

nected using heavy pins and bolts. Joints in all forms were

sealed to prevent leakage of wortar using O-ring gaskets,

FPigs. 4 and 5 show the shelter form.

A separate form was manufactured for casting SAL panels.

R e T A R A .
P ettt

It was a horizontal form which matched the tolerances of shelter

forms. It permitted casting of three S2L panels simultaneously.

The Z-inserts were bolted to the outside of the form. The forn

was filled with concrete and carefully finished so that the com-

pleted SAL panels would fit inside the shelter form. PFigure §

shows the form with two Z-inserts in place before casting.
Other equipment required for casting included two external

form vibrators attached opposite each other to the outer form. i

Vibrators were selected bcsed on placement tests of mock-up i

specimens and discussion with manufacturers. Vibration was
transmitted to the entire length of the foram through channel
sections welded to the outer form wall., Vibrators were rated

for 1650-1b (7.3 KkN) centrifugal force at approximately 3600

vibrations per minute.

CONSTRUCTION

Complete construction of a shelter model conaisted of many

important tasks to meet strict specifications. Although casting

of the concrete took only about 45 minutes, numerous hours were

S A cme s o

spent preparing each specimen.

-10-
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Fabrication and Placing of Reinforcement

The most difficult type of reinforcement to fabricate prior
to casting was the double layer reinforcing cage. A portion of
the steel cage was tied as shown in Pig. 7. It was then posi-
tioned over the inner shelter form. Tfing of steel continued
as shown in FPig, 8. After the longitudinal and circumferential
steel w;s‘in place, stirrups were attached. Strain gages and
inserts for attaching displacement transducers to the specimen
were also positioned at this time, Pigure 9 shows strain gages
attached to ﬁhe reinforcement. Pigure 10 shows a complete cage
with precast SAL panel in place.

For specimens requiring 1liner plates, steel fabticaéion
procedures were similar., A liner plate was positioned over the
inner form, and studs, if required, were welded to it, 1f
required, a steel cage was then assembled and instrumentation
was attached.

After fabrication of reinforcing steel and placing of
instrumentation, the outer shelter form was attached to the

base ring and preparations were begun for concrete casting.

Concrete Production

Concrete for shelter models was batched and mixed in the
Batch Plant of Construction Technology Laboratories., Prior to
batching, weights of aggregate and water were adjusted for mois-
ture conditions of the aggregite. Mixing of concrete tocok place

in a 6~-cu ft (0.17 n3) drum-type mixer, Two concrate mixes were

-13-

oA £ Pt 2 8 T



TR IR R O B RN Y L 0 gy

Fig. 8 Tying

S

%

g

R el g T i s o+ b vkt SRR



B AN G T WO T P s

4 NP

e [

e

T T P TN I S .

Fig. 9 Closeup of Reinforcement with Strain Gages
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Fig. 10 Complete Reinforcing Steel Cage
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used for each specimen. Higher strength concrete was

used in the first and last foot of each specimen.

Concrete Placement, Handling and Curing

Before starting concrete placement, forms were checked for

roundness and embedded items were'checked to verify location.

Specimens were cast by depositing cdncrete between the inner and
outer forms. The first and last foot of the specimen was cast
using the high-strength mix. The remainder of the specimen was
cast using the 6000 psi (41 MPa) compressive strengt® micro-
concrete. Figure 11 shows castihg of a specimen. External
form vibrators operated continuously during placement.

Forms were removed within 24 hrs ﬁfter cas&ing. Specimens
were cured in large pléstic bags until needed for testing.
2igure 12 shows a specimen awaiting testing. Immédiately after
forms we;e’ removed, preparations. were bequn for casting the

next specimen.

Quality Control

Concrete materials were tested during manufacture of the

shelters. Duriny xixing, slump was determined using applicable

procedures outlined in the Construction Specification.(3) Also,
six-6x12-iﬁ. (152x305 =mm) cylinders were cast toO represent
concrete in each shelter. Two cylinders were tested for com-
pressive strength at 7 and 28 days, and two were tested for
modulus of elasticity and compressive strength at an age répre-

senting testing of the shelter. Quality control charts were

-17-
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established to monitor performance of the micro-concrete mix

with respect to specifications.

RESULTS
Although the nature of the manufacturing process was complex
and delicate, specimens were constructed at a rate of three per
Qeek, with no rejections based on either material propertiés or

workmanship.
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TESTING OF REDUCED-SCALE CONCRETE MX-SHELTERS

EXPERIMENTAL PROGRAM

KEY WORDS: Concrete, Deformations; Loads (axial); Missile;

Models; Nuclear Attack; Pressure (surface); Reinforced concrete;
Shelter; Straing; Structural engineering; Tests

ABSTRACT: An experimental program invoiving construction and
testing or reduced-scale concrete horizontal MX-Missile Snelters
was conducted. The program consisted of 43 shglter specimens
tested under static loading conditioné. Applied loads modeled
forces that might occur on the shelters from a nearby nuclear
wecapon attack. .Loads consisted of various combinations of non-
uniform radial surface pressure and axial thrust. Loads,
deformations, and reinforcement strains were measured. Strength
and ductility of specimens were determined. Test results were
used to analyze shelter behavior under "known” 1oadin§ condi-

tions and to assist in selection of feasible shelter candidates

for design.
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TESTING OF RELUCED-SCALE CONCRETE HX—SHELTERS

EXPERIMENTAL PROGRAM

by
J. I. Daniel and D. M. Schultz,* M_ASCE

INTRODUCTION

An experimental program involving construction and testing
of reduced-scale concrete horizontal MX-Shelters was conﬁucted

s

by Construction Technology Laborcatories, a Division of the
: l

Portland Cement Association. The program included 43 specimens

tested under static loading conditions., Bach specime.. repre-
sented a "candidate design" being considered for ptqﬁotype
construction, |

One deployment concept invélved MX missiles stored in under-
ground horizontal shelters. One purpose of the shelter vas td
protect the missile from a nearby nuclear weapon attacT such
that the missile could be successfully launched after an ittack.
In the testing program, loads modeling various combinatigns of
forces that might occur from an attack were applied to fhé spec-

|

imens. Loads consisted of axial thrust and non-uniform radial

surface pressure, Data obtained from the test program vere used
‘ 1

to analyze shelter behavior under “known" loading conditions.

1

|

* Respectively, Associate Structural Bngineer and Aséistant
Manager, Structural Deveiopment Departihent, Construction Tech-
nology Laboratories, a Division of the Portland Cement AssO~
ciation, 8kokie, Ilinoia. |




This is the first of three papers describing the test

(1)

program. Other papers describe Specimen Construction and

Instrumentation and Load Conttol.(z)

OBJECTIVES AND SCOPE

The primary objective of the experimental progra-fwaa to

determine strength and ductility of plain and reinforced con-

crete specimens.

The objective of this investigation was accomplished within

. the following scope:

1. Loading techniques were developed to -qdel design
forces on reduced-scale shelters,

2, Test fixtures were designed and construcied for the
simultaneous application of axial calgression' and
non-uniform radial surface pressure on the specimens,

3. Forty-three static load tests were perforzed.

Final :esultl‘ included a set of data plots for each
specimen, These data tcgethér with specific test notes, crack
wmapping, and pictures of tested specimens assisted in the

selection of feasible candidates for shelter design,

TEST SPECIMENS

All specimens had a 2-ft (0.61 m) inside diaqeter with
either plain or reinforced concrete walls 1.8 (QG mm) or 2.4~-in.
(61 mm) thick. As shown in FPig. 1, specimen test length.waa
4 ft (1.22 m) with an additional 1 ft (0.30 m) at each end for

load transfer. Overall specimen length was 6§ ft (1.83 m). At

[
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Py l lpsi=s 69kN/m
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= AXIAL
L= SAL Ponel
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el THRUST
- 4
) S

RADIAL PRESSURE COMPONENT
Prorau = R+ P, COS 26 < 1200 psi
P, » UNIFORM PRESSURE
P, = 0.05P, TO 020PR < 150rs

AXIAL _THRUST COMPONENT
T = AXIAL THRUST S 1500 kips
* P,x(TOTAL END AREA) '
PR=0, 1.0R , 2.0R

Fig. 1 Schematic of Test Specimen and Prototype Loading




specimen mid-length, there was a 90° wide segment 1-ft (0.30 m)
long that represented the MX-Shelter Strategic Arms Limitation
(SAL) panel., This panel was fitted into the specimen with "z*
shaped joints.

Early concepts for shelter design required breakout joints
(weakened plane joints) located at + 45° from the specimen
crown on both sides of the SAL panel. Breakout joints were
required in Phase 1 specimens only.

There werelseven *basic® wall design configurations com—
prising a‘tdtal of 16 wall designs. Basic design configurations
were classified as follows: |

Al - plain concrete, no SAL panel

A2 -~ double layer reinforcement, no SAL panel

A3 - plain céncrete, with SAL panel

Bl -~ double layer reinforcement, with SAL‘panel

B2 - single layer reinforcement, with SAL panel

Cl - steel liner with stud anchors, plain concrete, with

SAL panel

Cl ~ steel liner with stud anchors, sihgle layer reinforce-

ment, with SAL panel

Additional variables within the basic design confiéu:ations
included wall thickness; amount of reinforcement, breakout joint
details, thickness of 1iner; spacing of studs, and gap between
inner and outer Z-insert. Variable matrix and quantities

included in the program are given in Table 1.
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TEST LOAD RIEQUIREMENTS

Specimens were subjected to static loads consisting of axial
thrust and non~-uniform radial surface pressures that represented
pressures defined inlrig. 1. Applied radial pressure modeled a
distribution around the specimen circunferencekequal to P, +
P2 Ccos 29, where Pc vas a uniform pressure and'P2 ranged from
0.05 Po to 0.20 Po; Axial th?ust pressure, Pa' wvas applied as a
multiple of the uniform radial pressure; i.e., 0.0 Py, 1.0 P,
2.0 Py and uniaxial load only. In general; axial thrust was

applied with an initial eccentricity of zero on the specimen

" end,

~ Sixteen different combinations of Pa/Po were used in the
testing program. A description of each locading condition is

given in Table 2,
All specimens were to be tested to'failure'ot to the limits

of the test equipment.

DESCRIPTION OF TESTING APPARATUS

' The test apparatus was designed to apply any one of the

following loadings:
1. Axial load only

2. Axial load with radial surface pressure

3. Radial surface pressure only

Radial Surface Pressure Loading

Radial pressure was applied to the specimen by presgsure

bladders housed between the specimen and a steel pressure




TABLE 2 -~ LOADING CONFIGURATIONS

Type Description Pa/P° P2/P°
A Uniform Radial Only 0 0
B Nonuniform Radial Only 0 0.05
(o Nonuniform Radial Only 0 0.10
D Axial and 1.0 0.05
Nonuniform Radial

E Axial and 1.0 0.10
Nonuniform Radial

F Axial Only - -

G Axial and 2.0 0.05
Nonuniform Radial

H Axial and 2.0 0.10
Nonuniform Radial

1 Axial and 1.0 0.15
Nonunifoxrm Radial

J Axial and 2.0 0.15
Nonuniform Radial

K Nonuniform Radial Only 0 0.15

L Nonunifcrm Radial Only 0 0.20

M Nonuniform Radial Only 0 Py =Py =25 psi
N Nonuniform Radial Only 0 P, - P = 50 psi

P Axial and 1.0 0.20
Nonuniform Radial

Q Axial and 2.0 0.20
Nonuniform Radial

Metric Equivalent:
1 psi = 6.9 kPa
..7..
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vessel, The pressure vessel is shown schematically in Figs. 2 i
and 3. g
Bending in the pressure vessel due to non-uniform radial :
pressure was resisted by steel ribs around the circumference of %
the 1-1/2-in. (38 mm) thick steel ves-=1 wall. :
. 3
The pressure vessel could resist the combined effects of P, .

and P, equal to 1050 ps* (7.2 MPa) and 150 psi (1.0 Mpa), :

' respectively. 1In addition, it could accommodate + 4 in. ]
(102 mm) of diameter change under non-uniform radial pressure. %
Vessel weight of 15,000 ﬂb (6800 kg) was supported on its own
legs and not by the specimen prior to or during the test.

The radial pressure | component indicated in Fig. 1 was

SO D S

modeled using three distinct pressures applied@ by eight spe-
cially made neoptene bladders housed between the specimen and
steel vessel. Pressure bladdets labeled A in Fig. 2 apglled the
largest pressure. Press;re bladders 1labeled B applied the.
‘smallest pressure. Pres#ute bladders labeled C applied the
middle preséure. Segmenté A and B were 60° wide and Segments
C were 30° wide. Bladdefs were partially separated by steel
partitions to limit forcejt:ansfet betweer. adjacent bladders,

To develop the nodelfpressure loading, a computer program E
was written to detetninefthe effects of several pressure con- ‘
figurations around the ciécunference of the specinen.‘ The model
that was finally selectéd closely apptoximated_ the moments,

shears, and thrusts, induced from the prototype loading

|
|
!
|
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distribution shown in Fig. 1. Plots of moment, shear, and
thrust occurring on the specimen due to both the prétotype
compbnent and modeled pressure component are shown in Pig. {.
As indicated, model load application provided nearly identical
moments, shears, and thrusts at all locations where maximum and
‘minimum values occurred. This included shear at the 45° line

in the specimen.

Uniaxial Compressive Loading

Arrangement of the testing apparatus for uniaxial compres-
sive loading is shown in Figs. 5 and 6. Also indicated in

these figures is the position of the radial pressure vessel.

Test specimens were positioned with their longitudinal axis in-

a vertical direction,

The axial test fixture was constructed of prestressed con-
crete to mihimize stored energy. . Reduction of stored energy in
the system during testing facilitated recording‘ of inelastic
specimen behavior. The reaction frame was capable of resisting
lsoo,kips (6670 kN) of axial force. Axial load was applied by
a 3500-kip (15,570 RN) hydraulic ram acquired ‘on loan from
National Aeronautics and Space Administration.

As shown in Fig. 6, bearing plates transferred axial load
from ram to specimen and from specimen to laboratory floor.
Bearing plates were constructed of reinforced concrete and steel
plates. The shape of each bearing plate conformed to the open-
ing in the. end plate of the pressure vessel. There was a

1/16-in. (1.6 mm) gap between the bearing plate sides and the

-10-
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Fig. 6 Cross-Section of Axial and Radial
Load Application System
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end plates sides of the pressure vessel. This "fit" assured

continuous alignment of the pressure vessel during each test.
The combination of bearing plate and end plate also assured
complete and continuous confinement for the enclosed pressure
bladders dgscribed earlier,

The steel bearing plates were level and flat with a mirror-
finish chrome plating. Teflon bearing pads, shown in Pig. 6,
were placed on the grout capped ends of each specimen. The
combination of Teflon on chrome gave a coefficient of friction
of about 0.04. - Low friction allowed the specimen to deform
radially under combined axial and radial load while inducing
minimum bending stresses into the spgcimen wall. Capping
specimen ends with grout facilitated leveling of specimen ends,
" thus ensuring initial uniform axial load application.

A photograph of the test setup is shown in Fig. 7.

Calibration

Calibration of radial pressure and axial load was performed
using a specially built calibration rig shown in Pig. 8. This
calibration rig was a solid reinforced concrete cylinder,
identical in size to a test specimen. Iﬁside the calibration
. rig were six 100-kip (445 kN) load cells housed behind a 48.0 x
7.2-in. (1220 x 180 mm) piston. '

The calibration rig was inserted into the pressure vessel
and the upper bearing plate was lowered to contact its top.
The bladders were then pressurized while loads applied into the

piston and into the top bearing plate were being recorded.

-14-~
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Calibration factors used to correct applied load or pressure
were deterrined using the recorded calibration loads and known
contact areas. These factors were directly programmed into the

computer to automatically correct subsequent test data,

TEST PROCEDURE

Preparation and testing of one sgpecimen took approximately

four hours.

fpecimen Preparation

Prior to testing, each specimen was checked against con-

(1)

struction specifications. Steps in specimen preparation

were as follows:

2 e T 5 ke,

(2) was connected to the

1. Exterior instrumentation
inside wall of the specimen,

2. Specimen bottom was leveled with a quick setting grout
using a 3pecially built leveling platformn, This
procedure was similar to capping a 6 x 12-in, (152 =x
305 mm)} concrete cylinder, ‘

3. Instrumentation was plugged into the data acquisition

system and checked for proper functioning prior to

inserting specimen into the pressure vessel.

4. All visible cracks in a specimen prior to testing were
recorded,

5. Specimen wus inserted into the pressure vessel,

6. Specimen/vessel combination was rolled on rails {nto

the axial test fixture,

-17~




7. Instrumentation was plugged in and cables were taken

out through an opening in the top bearing plate.

‘ Teflon pads were placed under the specimen. |

8. Pressure vessel was lowered into the proper position.
9. Quick setting grout was placed on the specimen top.
The level top bearing piate‘was lowered to coﬁtact and
'squeeze enough grout out to ensure a level specimen

top. Grout was allowed to dry.

10. Top bearing plate was raised to permit placement of the

top Teflon bearing pads. Top bearing plate was lowered

again. ‘
11. Pressure bladders were filled wiﬁh oil. All air was
bled froi the bladders. '

12. Test was ready to begih.

Test Conduct

Bach test was fully computerized. The responsgibility of the

|

| testing engineers was to monitor test progress, make any neces-

‘ _ .

1 sary manual adjustments, and take test notes. Technicians were
posted around the test fixture only to note the occurrence of

anything out of the ordinary.

JUIRIC AL W

Prior to the start of each test, the proper loading func-

B v cisi

tions were progr ammed into the computer controlled loading sys-
ten; A detailed description of the load control system is given
.in Ref. 2. During the test, an entire set of data was collected
by the data‘acquisition system approximately every 10 seconds,

In this time, the coaputer was programmed to accept and store

-18~
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raw‘data. In addition, there was ample time to reduce and dis-
play necessary data for observation of test progress. Tbis‘
"Test Control" information was continuously displayed on a vidgo
screen (CRT) and updated every 10 seconds. A spontaneous user
request provided a hardcopy of the data. Control  information
consisted of the following items:

1. Axial Load

2. Three Radial Pressures

3. Axial Shortening

4. Radial Deformation

5. All Strain Gage Data
In addition to control data displayed on the CRT, continuous
plots were recorded on “-Y plotters.  Detailed description of
the data acquisition system, instrumentation; and data handling
are given ih Ref. 2.

A test was terminated under any of the following conditions:

1. Design axial 1load or radial pressure limits were

reached
2, Specimen failed catastrophically )
3. Axial load or radial pressures dropped to 50% of peak
values
4. Allowable specimen deformation, i.e., 4-in. (102 mm)

was exceeded




Post-Test Examination

Observed failure mode of each specimen was recorded. Photo~
graphs were taken and pre- and post-test crack patterns were

plotted.

TEST RESULTS

Approximately 24 hours after each test, the client was
provided with the following test results:

1, Test notes

2, Reduced data recorded onvmagnetic tape

3. Data plots

4. Map of crack patterns
Photographs were provided to the client on a weeklf basis.
Tested specimens are shown in Fig. 9. Examples of data plots

are presented in Ref. 2.

SUMMARY
The fast-paced test program was successfully éonpleted
within 11 months, from November 1979 to October 1980. .In this
time the following was accomplished:
1. Design and construction of teét fixtures
2. Calibration of test fixtures
3. Design and setup of load control and instrumentation

systems(z)

4. Design and fabrication of specimen forms for casting(l)

5. Casting and instrumenting 43 test specinens(l)

6. Testing 43 specimens

-20-
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Test results were used to analyze shelter behavior under

*known" loading conditions and to assist in the selection of

feasible candidates for shelter design.
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TESTING OF REDUCED-SCALE CONCRETE MX-SHELTERS

INSTRUMENTATION AND LOAD CONTROL

KEY WORDS: Data systems; Deformations; Loads; !gzgpcing
instruments; Models; Pipes (tubes); Reinforced <c¢rucrete;
Shelters; Straing; Testing

ABSTRACT: Equipment and methods are described for application %
of axial load and non-uniform radial pressure to concrete speéi— ;

mens in constant strain rate tests. FortyFthree specimens

e U e g

modeled candidate designs for horizontal MX-shelters. Loading
combinations represented fofces from nearby nuclear weapoﬁ
attack. Servo-controlled hydrau;ic loading egui@ment and
instrpmentation were comﬁined to apply specified 1loads and

monitor both test performance and specimen behavior.
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TESTING OF REDUCED-SCALE CONCRETE MX-SHELTERS

INSTRUMENTATION AND LOAD CONTROL

by
N. W. Hanson, M, ASCE, and J. T. Julien*

An experimental program involving construction and testing
of reduced-scale concrete Horizontal MX-Shelters was conducted
by Construction Techrology .Laboratories, a Division of ‘the’
Portland Cement Association. The program included 43 specimens
testéd under static loading conditions.. Bach specimen repre-
sented ‘a "candidate design® being considered for ~prototype

construction,

One deployment concept involved MX-missiles stored in under-
ground horizontal shelters; One purpose ofvthe shelter was to
protect the missile from a nearby nuclear weapon attack such
that the missile could be successfully launched after an attack.
In the testing program, 1loads modeling combinations of forces
that might occur from an attack were apﬁlied to the spécimens.
Loads consisted of axial thrust and non-uniﬁoru radial surface
pressure, Data obtained from this test program were used to

analyze shelter behavior under "known" loading conditions.

*Respectively, Principal Structural Engineer, Structural
Development Department, and Associate Construction Engineer,
Construction Methods Section, Construction Technology Labora-
tories, a Division of the Portland Cement Association, Skokie,
Illinois,
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This is the last of three papers describing the program.
Other papers describe Experimental Progtam(l) and Specimen

Construction.(z)

OBJECTIVES
Testing of the shelter model shown in Fig. 1 included appli-
cation of selected combinations of axial thrust and radial
pressures, Displacement'control and data handling dutiné tesi-
iné are discussed in this paper. Objectives of instrumentation,
test control, and data handling were:

1. Install sensors as necessary to provide data for con—.
trol and for documentation of structural behavior.

2.  Maintain a selected relationship between all. loads
while génerating a monotonic increase in a measured
displacement at a selected rate.

3. Measure and store data at 10 second intervals of time

 and display suitable reduced data at each interval for
status check by test engineer.

4. Produce reduced data in the forh of tables, charts, and
digital tape for delivery to client within 24 hours of
each test,

5. Provide semi-automatic instrumentation checkout and

calibration procedures to allow two tests per day.

INSTRUMENTATION

Measurements of strain, load, displacement, and time were
recorded at intervals duriﬁg the test for later analysis of

results. Some measurements were also displayed on X-Y recorders




:{~ AXIAL
. SAL Panel ~
) THRUST

RADIAL PRESSURE COMPONENT
ProaL = P+ P, COS 26
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T= AXIAL THRUST
= P, x(TOTAL END AREA)
R=0, 1.OR , 2.0R

Fig. 1 Schematic of Test Specimen and Loading
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for visual observation and verification of the test. Certain

measurements were also used by the servo-controlled load system
for test control. Table 1 lists types and loca%ions of instru-
mentation. For reference purposes, specimens vere positioned
with their longitudinal axis vertical and withl the SAL panel
facing North,

A digital data acquisition system sampled ali data items at
about 10 second intervals during each test. éach sample was

recorded at a rate of about 10 items per second. An average
|

test had over 100 samples of data. , l

Longitudinal Strains

Axial change in length was sensed by linear potentiometers

attached to the inrer surface of the specimen. Measurements

were made over a gége length of 50 in. (1.25 m).  Potentiometers

! .
were spaced at quarter points around the inner circumference

| ,
with one potentiometer centered on the SAL paneﬂ. Waters Model
|

SLF-2 position transducers with 2-in. (50 mm) stroke were used

for longitudinal strain measurements. Strain was calculated as

\
axial length change divided by gage length. |

|
i
|
|

Radial Displacements

Linear potentiometers were att&ched to the ihner surface of
each specimen to sense changes in diameter., Locations are given
in Table 1. Two measurements on orthogonal diameters were made
at each of two cross-sections. One cross—section was at mid-

i
height with one diameter measuremen:t centered on%the SAL panel.
|

3
3
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TABLE 1 - INSTRUMENTATION

Item Description
Longitudinal Strains
Potentiometer Axial #1 ~ wesat side
Potentiometer Axial §2 - east side
Potentiometer 7xial $3 - south side (opposite SAL)
Potentiometer Axial #4 - at SAL Panel (north side)
Radial Displacement -
Potentiometer Axial #1 - mid-height - north-scuth (SAL panel)
Potentiometer Axial 42 - mid-height - east-west
Potentiometer Axial 43 - above aid-height - north-south
Potentiometer Axial $4 - above mid-height ~ east-west

Radial Porces
and Axial Load

' Pressure Cell
Pressure Cell
Pressure Cell
Pressure Cell

Radial load #1 - north-south (highest pressure)
Radial locad #2 - 4 places (intermediate pressure)
Radial load #3 -~ east-west (lowest pressure)
Axial ram '

Specimen Strains

6 Strain gages
2 Strain gages
2 Strain gages
6 Strain gages
2 Strain gages
2 Strain gages

circumferential reinf. at mid-height

radial reinforcement at mid-height

Or. longitudinal reinforcement at aid-height

On circumferential reinforcement above mid-height
On radial reinforcement above mid-height

On longitudinal reinf. above mid-height

g9

e

T e e s ok




The second measurement was 12 in. (300 mm) above mid-height.
Waters Model SLF-6 position transducers with 6&-in. (150 mm)

stroke were used for radial displacemsent measurements.

Radial Porces

Radial surface pressures were applied Sy means of inflated
pressure bladders pressing against zone, on the specimen. Bach
zone was duplicated at synmetticgl locations., Hydraulic pres-
sure in each of the thrge zones was measured by a strain gaged

pressure cell,

Axial Load
Force applied to axially compress the specimen was deter-
mined from a strain gaged pressure measuring cell. This cell

sensed hydraulic pressure in the 1large axial load ram.

Specimen Strains

Strain gages were bonded on special small diameter steel
rods or reinforcing steel embedded in the concrete of each test
specimen. Strains were monitored at the 20 locations listed in

Table 1.

Time
A digital clock in the data acquisition system provided a

time reference for each data sampling.

Instrumentation Plan

Connections between sensors and instruments are shown 1in

Fig. 2. sensors, cables, and strain gage 1leads inside the

specimen were connected to a junction bex, FPigure 3 shows the
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junction box with a short cable and multipin connector for_
attachment to the data acquisition system. All analog data‘were
converted to digital data by a Hewlett-Packard Model 3052
Automatic Data Acquisition System. Digital information on each
channel was stored on cartridge tape on a Hewlett-Packard Model

9845B desk computer.’

LOAD CONTROL

The standard test involved application.of combined uniaxial
comﬁtession and radial surface pressure. In this configuxation}
radial load was applied as necessary to maintain a near coﬁstant
rate of diameter deformation. | Axial and radial loads wer.
Iapplied in proportions that developed the necessary Pa )Po and
Pz/Po ratios. L Po( énd P, are défined in rig. 1. Closed
loop electrohydraulic equipment by MTS Systems Corp..provided
servo-control of loads. -

The standard test at a‘constant rate of diameter deformation
was conducted in about 30 minutes.
| A schematic representation of load control is shown in Fig.
4. A fadial displacement signal was manually compared to a
predetermined ramp function to generate a control signal. ' This
control signal was then used as program input to four MTS Model
406.11 Servo Controllers. |

The combination of four individual closed loop servo-
controlled loads within an overall closed loop incorporating'
manual rather than servo-control functioned well for these very

slow tests, Using Servo-control in the outer loop tended to

1A S o S S S e s S 4 e e




RAMP SIGNAL RADIAL DISP. SI1GMAL
FUNCTION CONDITIONER
MANUAL
COMTROLLER
RADIAL
CONTROLLER VALVE | LOAD
{MigY)
Radial Preseure Feedback Signal gm““
G raDAL |
CONTROLLER w |LoAD
(MID.}
Rodial Pressuce Feedback Signol E]
¢ RADIAL
COMTROLLER LOAD
(LOW)
Radial Pressurs Feeddack Signal @
AXIAL
CONTROLLER LOAD
RAM
Asiel Load Feedback Signot QD
MYDRAULIC
PRESSURE
@ NOTE
Typicet ot eoch Serve Yaive
HYDRAUL IC .
suwe ;
Fig. 4 Schematic of Load Control System

for Standard Test

-10-

. =

$EYRIT



(o e gt Y

e e T R W AT

produce very low cycle oscillations (one cycle in 2'minutes) in
the control circuit. Manual control was incorporated as a prac-
tical solution since the project schedule did not allow time for
the experimentatiLn needed to otherwise solve the problem.

The feedback signal for each controller came from a pressure
cell, BLH type 012, at each radial loading assembly and at the
axial ram. Each %onttoller compared the feedback signal to the
program input sig;al to generate a‘contiol signal that operated
a servo valve in khe loading system. An MTS Model 252.22 Servo
Valve controlled ?ydraulic rressure applied to high, middle, and
low pressufe loading assemblies, and to the axial ram. These

valves, which had| flow rates of 2.5 gallons (9.5 L) per minute,

L IR

were matched to required flow rates to minimize load pulsations.
A predefined| relationship was maintained' between radial
pressures in the three zones and axial load., Adjustment of each

| ,
controller set the proportionality factor between radial pres-
|

e o vty eIy

sures and axial léad. |

The preceding?desctiption applied to the standard test which
included both axi%l and radial load. When only radial load was
applied, program %nput on the axial load controller was set to
zero, PFor tests @f axial load only, program input on the three
radial load contréllers was set to zero. Axial load tests were
based on constan% rate of axial strain‘ rather than /diametez

deformation.

|
J
i DATA HANDLING
i

As a tes} progressed, data items were sequentially connected

.y

by the sc&ﬁ‘ér toia digital voltmeter that measured voltage and

-11- i
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sent voltage data to the computer. The 32 data items plus time

were measured in an elapsed time of about 3 seconds at intervals

of 10 seconds. The computer stored each l0-second data as a

record in a random access file on magnetic tape., Data were thgn
reduced to engineering units and ratios for presentation on the
screen of the HP9845B computer. Since the test specimen was com-
pletely hidden from‘#iew during a test, the test engineer had fo
judge conduct of the test from the constantly updated data dis-~

play. An example of a screen display of data is shown in Fig. 5.

Data Reduction

After each test, data files on tape were read into the com-
puter for reduction to engineering units and plots, Tables of
data were printed and relationships between variables were

plotted. An example of a table and a plot are shown in Figs. 6

and 7 respectively. The data files on a raw data tape for a test

included descriptive information concerning the test, zero read-
ings on all items, calibration factors, and data records for each
time interval. A reduced data tape was made for the client. That
tape included descriptive iﬁformation and data records prepared in
engineering units. A package of tables, plots, and tape, such as
shown in Fig. 8, waé sent to the client within 24 hours of each
test.

An additional improvement in the reduced data was made for thg
final report, In tests that included non-uniform radial 1load,
there were data points in which the load ratio PZ/Po devi;ted from

the specified ratio, Final reduced data included only those

points with the ratio of P2/Po within 4108 of the specified ratio.

-12-
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LOAD AXIAL STRAIN  AXIAL STRAIN  AXIAL STRAIN  RZIAL STRFIN PRD. Diif. ‘
STAGE wEsT ERST SOUTH NORTH SAL - M-S
TINC 1 CIRC TN CIN/ TN e IND CINCHES)
! -6.50001 -C.00202 -9.2000C ~3,0080;
2 -, 80001 -G.e083) -9.0an¢) -0, BBGUS
2 -8, Buul2 -@.a00e -{.920w1 -0, Boues -,
4 ~8.¢2004 -g.0a083 -8.00003 . =0.00210 -, GO
s -8.00096 -, 00005 -@.03006 ~0.02018% N LE)
é -8.00009 ~0. 20009 -8, 008109 -a,0a020 -¢.ens
7 -8.80014 -6.00813 -0.06014 -¢.80027 -a,o0r
g -8.96019 -9.00817 -0.06018 -0.00334 ~¢. 007
5 -¢.000:3 -0.08021 -e.08022 -0.88039 -0.90%
9 -8, 00327 -9.00024 -0.96027 ~8.00643 S, o
1 ~¢.00030 -e. 00027 -9.00028 -9.90047 -0.010
i2 -8.0v034 -8.0222% © -9.89031) -9.900%0 -9.810 '
13 ~6.80036 -9.89032 -0.00054 -0.0868%4 -8.01:
: -8.00239 -0.00034 -8.0C037 -9.600%7 -e.811
15 ~9.86042 -0.06037 -0.00041 -9.800:d -¢.012
16 ~8.000% -06.08039. -0.08043 -9,00053 -0.013
1?7 -9.00047 -9.00042 -8.00046 . -€.8006% -0.01°
18 -6.0005¢ -0.09044 . -0.P8049 -8.90069 -0, 014
19 -9.003%3 -0.08004€ -6. @052 -0, 20072 -0.919%
: -9,860%6 -0.90049 -0.000%% -9.00075 -0.01€
2 -6. 60252 -0.993%1 -¢.000%2 -9.20079 -0.9%6
2 -8.09061 -3, 000%% -9, 00061 -9.00082 i
23 -8.00C64 -0, 00057 -9,000¢%  -0.9008S -9.013
24 -8.00a57 -9.88060 -0.80068 -0.0@258 -0, 009
z5 -8.80070 -0.00u62 -9.00071 ~9.630%1 -3,519
z -9.00a73 -4, 00855 -0.00274 -3.00094 -3, 928
2 -8.8007¢ -6, 80067 -A, 00078 -8.80098 -9.021
28 -8.00078 ~0.20070 -0.060061 ~0.09101 -9, 022
2 -€.60031 -8.080372 -3.20083 -0.00104 -0.023
8 -8,00034 ~8.0007F -9,00056 -@,909107? -9, 02"
31 -9,00087 -2.88077 -a,980099 ~6.06110 -0.028
32 -8, 80396 -0.08231 T -9.90092 -8.00113 -9, 227 .
32 -3, 80092 -0.00034 -@.00097 -0.00116 -g.028 ' ‘
24 -0.00025 -9.80086 -9.80099 -0.80119 -0, 029
3% -6.98098 -a,00889 -0.00103 -0.00122 -0.630
16 -98,006;20 -6.20291 -9.00106 -6.4012% -9.931
27 -8.00103 -9.930%4 -9.00110 -3.001:8 -0 ~73
28 -9.00106 . =@, @a0ae” -e.e0112 -9.00171 - :
19 ~9.0813% © -@.001e8 -9.8Q117 -e.2a13% - s
49 -e.@0111 - -v.0%102 -9.6912¢ -9, 80537 -3, 038
a1 -e.80114 -2.0010% -0.08123 -0.98140 -0, 03%
3z ~9.80117 -0,02103 -¢.0012¢ -2, 00142 -, 328
43 -9.80112 ~g.90111 -9.0912% -0.0014% ~G.esT
44 -6.80122 -5.00114 -3.90137 -G.00148 -2.037
3% -8.001:5 ~.00116 -9.2G136 -0.001%1 REL
4€ -9.00128 -g.82119 -9,0813% -3,00154 -5, 0 3%
47 -0.601%0 IS -3.80142 -a.001%¢ -G 033
38 -9.80123 -G, 00129 -0.980147 -2.901c0 -0, 04
49 -8.00126 . =-9.00127 -2.001%50 -0.89152 —aovel
. -9,80139 © -8.00119 -0.0681%2 -8,0015% Sa.ce2
<1 -9.00141 -3,00123 -8.P015€ -0.00157 -3, 5
2 -0.0¢144 -3.80:3% -8.30159 -2.86170
<3 -0.00147 ~8,90137 -@, 00163 -9.90:73
54 -6.001%8 -8.00140 -2, 0016€ -e. 0176
1 -8.00153 -8.80143 -9,80159% -0.a0177 X
55 -9.08.% -0.2014% -0.99:73 -3.00159 i
57 -9.8015¢ -9.00158 -9.0917% -¢.00153 3
€8 -D.CC1£0 -3.00:51 -0,00150 -0.00126 %

<

e

Pig. 6 Data Table.
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Each test started from zero load and pressure sc it was diffjicult
to develop data within the specified ratio limits early in the
test. vValid data points were joined by straight lines on grapas

gshowing relaticnships.

CALIBRATIONS

The computer and data acqﬁisition system were utilized during
check-out of instrumentation before a specimen was placed in the
test rig. At that time, the junction box was connected and a
recording of data was made to check that all strain gages were
connected. Open or short curcuits not previously assigned to gage
failure were corrected. Repeated recordings of data were used to
check stability of each gage. Drifting gages, not previously
noted to have low resistance to ground, indicated poor connections
that could be corrected. Similar checks of potentiometers
revealed continuity, iaitial stroke settings, and stability. Two
complete sets of potentiometers and junction boxes were used to
allow specimen instrumentation and checkout to be completed prior
to test time.

After a specimen was installed in the test rig, the junction
box shown in Fig. 3 was again connected to the system. Screen
display on the computer was used to prompt successive steps in
calibration and adjustment needed to prepare for a test.

Power supply voltage to the junction box was read and compared:
with a specified value automatically. 1If adjustment was needed,
prompts on the screen helped the technican make the adjustment. A

simiiar bridge voltage check and adjustment was made on a standard

voltage in the M.T.S. control equipment.

-17~
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Pressure cells at the axial load hydraulic ram and in the
hyaraulic connection to the three zones of radial pressure were

calibrated by shunt resistors inserted manually irom the consc:e.

On prompt from the computer, the four calibrations were made and

bridge voltage adjusted.

The initial output of each displacement potentiometer was set
to zero by adjustment on the console. Prompts from the computer
guided the zero adjustment sequence, Total prepa:ation‘for test
using these prompts from the computer was completed in about 10

minutes.

SUMMARZ

Instrumentation and load con::ol were used to meet the objec-
tives for testing reduced scale concrete MX-Horizontal Shelters.
Details of instrumentation, »ad control, data handling, and

calibrations are presented.
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BLAST AND SHOCK FIELD TEST MANAGEMENT
By Michsel L. Noblel
INTRODUCTION

The Blast and Shock fieid test management structure has been shapad by
a8 blend of the program managar philosophy and the technical functional arse
structures. This integrative mansgement approach in Blast anﬂ Shock fileld
testing is given the title of matrix mamagement. This paper will discuas and
outline the field test matrix management structure as it pertains to the Alr
Force's Blast and Shock testing. The Air Force Veapons-LaSoratory, Civil
Engineering Research Division (AFWL/NTE) has been the reapdnsible agent for
Blast and Shock testing of the Nuclear Hardness and Survivability (NH&S) of
protective structures and systems within the Alr Porce System§ Command. fhfn
organization's management structure will be presented. The discussion will
focus primarily on éhe a;ignaent of the fleld test's organizational structurc
and the technical integration roles and procedures.
DEFENSE SYSTEM PblICY

It is {mportant to bring out the Alr Force's macro prog?am managenent
policy. The Major Systews Acquisition regulations have a dominant role in
structuring the primary test progrnnvobjectives and milestonse through which
fha Blast and Shock test management responds as s participating agency. Thone
regulations state the policy for managing all Air Porce acquisiiion programe
which are funded through the Rasearch, Develovmént, Teat and Evaluation

appropriations. Responsibility for the management of acquisition progrsmn ia

IChief, Efifects Simulation Saction, Weapons Eifects Branch, Civil Enginrcvlng
Research Diviasion, Alz Porce Weapons Laboratory, Kirtland Adlr Porce Base,
Alouquerque, Nev Mexico
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delegated to the implementing command. FEach acquisition program will be
managed by a single person known as the Program Mangger (PM)}. The Program
Manager role for the Air Porce's test management is thus directed by
regulation and provides the macro management cornerstone for any aajor defense
system program.

The Progran Manuger is responsible for all management decisions
within the approved acquisition program. The PM's decisicus are directives on
all participating ccmmands. The progtan'u taske are contained in the Program
Management Plan (PMP). This plan is th‘e management outline through which the
participating agencies IQnd. their support to meet the programa's objectives,
co;mtrninn, and thruhold.-.

The system acquisition process is a sequence of specified phases and
Aecision points directed towards the achievement of the DOD established
program objectives in the acquisition of the defense system. The process is
initiated with the approval of a mission need statement and extends through

the successful completion of development on to system deployment.

The current system R&D process decision points ideatified with the
separate phases of program activity are structured as follows:

Milestone 0 - Program Initiation

The Secratary of Defense requests, or a DOD Compomnt Hesd perceives,
s mission need to exist and determines that a new capability is to bs scquired
to meet the need. The DOD Component Head submits a statemeat of the mission
need %o the Sécretary of Defense for approval to proceed, ts ld;nttfy. and to
explore alternstive solutions to the miseion need. The conmsiderations to
support the determination of the misaion need are documented {n the Missiocn
Need Statement (MENS).

The Secrstary of Defense will spprove the mission meed and direct,
one or more, of the DOD Componwnts to systematically and progressively explore

and develop alternative cystem concepts to satisfy the approved need.
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Miiestone I - Demonstration and Validation

When the DOD Component completes the competitive exéloration of
alternative system concepts to the point where the selected llternatives
warrant system demonstration, the DOD Component Head requests approval to
proceed with the demonstration and validation effort. The recomumendations
shall be documented in a Decision Coordination Paper (DCP) and reviewed by the
Defense System Acquisition Review Council (DSARC) and the (Service) Syv" m
Acquisition Review Council ((S)SARC) prior to the Secretary of Defense
decision.

The Secretary of Defense action will reaffitrm the mi%aion need and
approve, one or more, selected alternatives for competitive d;monstration and

validation.

Milestone 11 ~ Full-Scale Engineering Development \
When the dcmonstration and validation activify has been completed,

the Component Head is prepared to recommend the preferred sys]ena for full-
i
gcale ergineering development. The recommendations are documénted in an

|
updated DCP and reviewed by the DSARC and (S)SARC prior to the Secr=tary of

Defense decision. ‘ t

The Secretary of Defense will reaffirm the mission need, and approve
|

i the selection of a syiten for full-scale engineering developm@nt, including

procurement of longlead producrion items and limited productién for

operational test and evaluation. i

Milestone 111 - Production ard Deployment

When the Component Head is prepared to recommend pro&uction of the
|
system, the recommendations are documented in an updated DCP and reviewed by

the DSARC and (S)SARC prior to the Secretary of Defense decision.
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The Secretary of Defense will reaffirm the mission need, confirm the

system ready for production, approve the system for production, and authorize
the Component to deploy the system to the using activity.
MACRO—-MANAGEMENT SUMMARY

Test and evaluation of any defense system shall commence as early as
possible. Teéting directly supports the system's estimates of ;nilitary
utility, operationel effectiveness, operational suitability, and design
lodificntioﬁu to meet niuionl requirements. These utility determinants shall
.be made prior to large-scale production coumitments. The most realisvic test
ecvironment possible and an acceptable model of the future operational system
will be used in the testing. A specific test or test series, keyed to an
appropdat_e decision point, will normally be conducted within each phase.l

The preceeding background reviews the present foundations of DOD
management structuring: a PM policy and the decision point milsstones. The
typ‘1c11 lylte.' Research and Development (RaD) cyrle, showing the phases and
DSARC -ileltopel, is shown in chart A. Thus, field testing has its macro
operational umgeunt ocutline.

As of this writing, the DSARC process for system's R&D is being
streamlined. It will cut the number of formal DSARC milestones from the
present four. to two. In bdrief, first it will meld the MENS point with the
DSARC I milestone. Secondly, DSARC I1 was made the key decision point.

The "go-ahead”™ decisions for both full-scale engineering development and
production will be at DSARC II. This management direction clesrly will
incresse -oﬁennn in the system acquisition R&D process. Regulations are
pending on the new “tailored” DSARC systea.

A poirt of discussion must be emphasized. The Afr Force Syatems

Cowmand (AFSC) conducts independently long-lead-time technology base programs,

50D Directive 5000.1, “Acquisition of Major Defense Systems,” January 18,
1977, .
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deemed research and exploratory development, to support future acquisitions.

In general, these programs are unconstrained from the system acquisition

proceas due to the long-term nreds time element. However, in developing

regsearch programs, the program management orthodox is parallel.

FIELD TEST MANAGEMENT OVERVIEW

The AFWL/NTE handles its Blast and Shock test management for either
basic research or sfcten related de§e10pmntallvalidation testing using the
same approach. The only difference is in a programmatic ‘sense, i.e.,
definition by DOD of a specific syst -_... The use of a system directed test
will be followed throughout this discussion.

Blast and Shock field testing is a direct statement towards achieve-
ment of & fundamental defense system mission need requirement. It exercises

the system's NH&S capabilities. This assesswent task is performed at early

' stages of system development and repeated as necessary throughout the design

optimization process.

The maintenance of this ability to meet ghe gystem's field testing
criteria is a mission responsibility of AFWL/NTE. The successful management
of system field testing depends upon a strong and viable Blast and Shock
technology base and field test support management organization. The ability

to fluidly adjust the technical staff to meet the field test requirement is

fundamental to the organization's mdssion responsiveness. Management must

pattern itself to cross established functional area lines to obtain the
neceuaryvpersounel to‘efficiently execute the technical tasks. The AFWL/NTE
uses a matrix management aﬁt«ch to provide the program support service. The
basic organizational foram is depicted in chart B, entitled Matrix Organization.
It should be emphasized that a matrix management system has the strong
potential to grow in an 'in'ter-organintional sense. This expansion process
necessarily Jdevelops from the research concept to & systea demonstration/

validation testing phases. The SPO involvement becomes pronounced when
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t.ternative solutions are narrowed; a aspecific system is selected for
proof-testing and prototype develépnent. Also, with this programmatic shift
brings the mandatéry additioﬂ of a system program manager. However, lets
proceed with the basic development of the Blast and Shock field test
management structure.

| Two basic management elements, whereby the nature of ones dependence
on and adherence to, provide the structural framevork for productive field
test mangement. Those conditional elemeunts are personnei and planning. Test
plannind is the primary requisite to insure that all technical tasks intermesh
whereby progress is made to meest the objéctivé; a successful field test
execution. Test perscnnel provide the control to implement the test plan.

TEST PERSONNEL

The manpower involvement level for all field test management

‘operations 1s directly dependent upon each test's magnitude. It 1s recognized

that not all test programs are of the same scope; therefbre, some of the
positions described may be embodied in one individual.

In order to expedite flow of information, task accomplistment, and

‘decision making, each test program has personnel designated by the technical

arca'ﬁ leadership (Branch Chief) with the concurrence of the Division head.
H;jor task requireménts are coordinatéd through the technical task
manrger{s).« Perf;rmance period scheduling and manpower commitments are
coordinated through the respcasible section rhief, the administrative
supervigor. PFinally, the coordination of day-to-~day activities involving
technical support tasks flows horizontally between the individual tesat
personnel. This lateral inte:action is the central thrust of the matrix
managemsnt organizatiénc Once the line authority is cognizant of the
individusl(s) task, the direction and control of duties for each test will
regide with the Test Director. The broad linc segment in chart B shows the

generalized AFWL/NTE organization established to implement the test.
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The basic task and responsibilities of the primary test management
personnel are the following:

Program Manager (PM)

Regponsible for the coordinaﬁion, scheduling, and overall program
management of the blast and shock activity. Maintains the primarf interface
with the SPO end participating agemcies liné management. Defines program and
test gbjectives. Ultimately respousible for the appropriate theoretical and
experimental programs, budgets, and schedules which éupport the system's
research and develonment.

Test Director (TD)

Responsible for all the facets of test dlirection, from planning
through execution. Determines the priority, adequacy and the integrated
design plan of experiments for the field test. Directs the test-related
technical work and cocordinates the Program Manager's test requirements. The
essence of hig task 1s patterned after the Air Force's PM philosophy.

However, the scope 18 adjusted to be centered on a specific test event.

The TD's functional tasks include monitoring procurement actions and
directing testischeduling. The mcheduling effort 18 a critical role. The use
of Critical Path Methods (CPM) 18 a maragment tool which is highly
recommended. He manages the test's budget, coordinates administrative
requirements (test plan, construction drawingas, and reports), and support
functions (photo, fabrication, and meteorology).

The TD is the technical interface with both the test site persommel
and the technical support personﬁel. All the test technical support
requirements and exmeriments are approved by or requested through the Test
Director. Participating agencies coordinate their sctivities through the Test

Director and are respomsible to the Site Operations Director during the
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fielding of their experimehta. All major changes must be approved by the Test ‘;
Director, while minor fielg modifications approval -oordination rests with the é

Site Operations Diréctor. !The intent is to have the Test Direztor responsible g

for all pertinent interfaces with the field operations and technical support E

units for the test. The TLst Director 1s the integrator. He translates and %

conveys the test's technicrl tasks from the technical staff to the field ;

{

{

|
operational persomnnel who are under the direction of the Site Operations

Director (SOD). I ?
Site Operations Director (SOD) :

i

h

Responsible for ali On-Site Test Operations. Reports directly to the

Test Director. The SOD mu;t be cognizant of the intent and purpose of all

field experiments. A devi?tion of construction practices set dovm in the test
plan and/or construction grawings may nullify either the experiment or .
compromise the test. Thejinterdependence between the TD and SOD cannot be ?

understated. |
‘ |

|
The Site Operatious Director's functional tasks include both the
| .
management of field test éupport activities and assistance towards the
|

execution of the test event. Responsible for on-site comstruction inspection,

!
quality countrol, and test ievent firing. Specific delegated activities

encompass the field operaéions integration; such as, facility operations,
contract services, equipment and supplies, personnel administration,
communications, security,jand vehicles. Maintains the as-built working

drawings and applies the field procedures for construction and other :

|
operational test support.i

Instrumentation Pioject Officer (IPO)

Responsible for all instrumentation support required in the filelding

of the test. This task ehcompasses the engineering of B&S measurement

10




techniques from gage to recorder. The IPO must integrate the measurement and
recording equipment using a systems engineering approach. He must be
cognizant of field emplacement techniques and be able to apply selected gage
types to provide the experimenter's data. The management of van 0perations‘
and recording practices is a field operational facet delegated from the Test
Director.

The Iéo's funcgional tasks incléde responsibility to procure, select,
and provide order information for wire, cable, and transducers. He ensures
that the field test's measurement requirements are coordinated and translatgd
to gages in place and that data 1s properly calibrated, conditioned, and
recorded. He publishes planned channel assignments and as-built measurement
lists. BHe interfaces with data processing personnel to produce the data '
report.

Documentation is an essential responsibility, for it provides the link
between the test design and product. The experimenter relies on accurate
reporting of gage placement, as well as a complete record of the enviromment
(waveforms).

Technical Task Manager(s)

Field testing requires select techuology support. The tran;lation of
NH&S assessment supﬁort within technical functional areas 18 a method of
providing a cuntinuing expertise in select engineering and scieﬁtific
discipliues.‘ The technical suppc;t framework is held independent of the test
requirements, thereby it can develop and progress with the state-of—the—a%t.

Within the organization's functional areas (Branches) sre personnel
whose task is to maintain each technical discipline. The TD coordinates with
those technical task managers to develop and outline the test plan. Technical

task managers also recommend individual support personnz21 for assignment on

11

gl A8 T e 8 Y e AL o s 2yl 4 1 e A T 8 P T 2 e Ut T M N A O AR+ 5L AN R o i maas s A e e | 1,




vk s L e
WS e e e e g p g s o -
R B AR IO IO G 3T L o 0 U, TR 5 ST MY A ANy T e YL W e s sia e ey s e

the rtespective test. The task manager is responsible to insure the
appropriate methodology i8 applied to the test effort. Song technical tasks
which are maintained at AFWL/NTE are: siting (geology and geophysics);
airblast phenomenology; ground shock phenomenology; cratering; debris and dust
definition; instrumentation developméut and technology; effects simulation
development and technology; structural loads‘and regponse technology; and
systems assessment methods.

TEST OPERATIONAL PLANNING

Management Principles

Management planning's foundation is in controlling the fundamental
measurands of task, schedule, and funding. Field test management necessarily
must 1ncorpor;te these "triple constraints”™ in its operational planning to
effectively control the test progranm. .Blast and Shock field testing is
restrictive in its NH&S program character. Fileld testing is frequently
constrained by both a fixed date decision point and & fiscal year funds
ceiling. Thus, the test integrator's latitude diminishes to ouly one

Independently manageable parameter. This is the Work Brea%down Statement

O T

(WBS), with its derivative elements (task versus manpower) to apply towards

test execution. Thus, a detailed development within this outline is required.

. Test personnel must be bound in a unified covmitment towards obtaining
the specific goals and requirements set by the system's program manager.
Engineers and scientists are regimented by their respective professions.

Their technical outlooks, emphases, and methodologies are quite different.
The TD's tasg and purpose is to blend thelr technical expertise to meet the

test objectives. A means to that end is the test plan.

¥
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Test Planning Overview

A system orlented field test, by {ite very nature, is a short-term

3
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program occurrence. it has specific PM directed objectives to meet the
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respective R&D phase’'s DSARC milestone. This situation requires a process by
~which the technical issues s&nd procedures can be focused. The test plan
produces the mechanism for quickly achieving technical “asks integration. A
comprehensive test plan can bridge the specific test odjectives and non-~
standard test requiremente with standardized field operational practices. As
with technical issues, the test plan binds the participating agencies.
Organizational commitment is an important factor in a successfully managed
test brogram. Without funﬁtional line management's appro7al and backing, the
Test Director 1svesaent1a11y voiq of any wuthority to 1mp1enént the test.
Test Plan
The iest plan is a written outline formatting management means: test

definitions, task assignments, and the technical/operational methodologies. It
links the test objecti:es with the commitment of technical resources through a
formalized document. Appendix I provides an exnﬁple of the :ypicnllblant and
Shock (B&S) teat plan's u;ope. The principle test plan rontrol linkage, as
stated pruviously, is the Work Breakdown Statement (WBS,. A detailed WBS
exémple for a multi-participant fieid test is developed in Appendix 1I.
Critical in test development and planning is clarity of tasking. The QBS
derails the elementsl task. and sets, in parsllel, the responsibilities. It
is {mportant to establish in the WBS structure both hardware and nonhardware
deliverables. This action keys ths participants into a responsive mude
through tne WBS checklist activity., Other plan annexes support the
develnpment of task and resource management by detailing the funrtionsl
support areas. Principal annexes which carry a continuel integratiwve
regponsibility (update) are: Schedule, Instrumentation Plan, and Conatruction
Package. These snnexes are i{mplementative in nature and a great deal of

participant interaction is concentrated in these areas. Tne questionn ({

13

T R, e o Mg

o)

e s e e - Kt Bt mev

T




“how” and "when” correlate directly with the proper utilization of the WBS,

the allocaton of time and manpower. The teat plan's overall putponi 1s to
ensure the test objectives are met., Pailure of one technicsl task to de
completed on time or at the proper level of effort could quite possibly
jeopardize the test execution, thersby seriously impacting the system's R&D
nilcctonc.

Test Program Controls

Control systems sare invaluadle tools to the TD. They provide WBS
tasks forecasting of critical paths. Analysis techniques vary, but the
program sangement thrusts remain constsut. These techniques prﬁvidc mathods
to highlight any task deviation and {ndicate s relative measure of the task
magnitude. The techniques may range from a simple wilestone-bar chart
(detailing -ho‘rt-tor- deliverables) to ‘n complex CPM vetvork (shoving the task
interdependence and time ‘scales). The suthor recocemends & CPM for it will
relate two {mportant parsmetars! the task’s schedule period and the task’s
interface logic. The use of program controls respective to support task
personnel has minor utility. However, the TD (s the true benefsctor of this
analysis. Its utility further increases with the test's technfcal complexity
and sulti-par:icipant involvement. The Test Director must be sble to coatrol
the course of all test activities. Program control techniques provide an
activity road map for the Test Director :o apply his management skills.

Re rawmd

A test progrsm can only be resronsive to the system's R&D needs {f
there are avenies for reprogramming sctions. These actiona norsally o ur at

the macro-level upod R&D phase transitions; however, unecheduled progrem direc-
tives do occur with some frequency. Systea program modifications are

inevitable. ,

The TD should set hs own pattern of micro-lavel decision points.

Develop a conscious sttitude of periodically holding test program integration !

14




checkpoints. Particularly, st the initial stages of test planning, it is

easential to convey this tone. Vital test progras technical issuss ara to be

communicated. The TD must relate the test cbjectiwes in the proper context to
all participants, develop the WBS commitments, and set the p.oper management
interfaces between functional line msnagement and the test matrix manageaent.

Constructive mapagement practices ccamunicate and coanvey, ss wall as integrate

" and direct. Why expect to have a participant commit to any test implementation

if he was not a party to the test plan developsent.

The test plan is the embodiment of the system's current tesi require-

ments and specifications. The test momenias can ouly progress, 1f and only

if, there is full cognizance.

The initial test plan must necessarily have an adainistrative revision

procedure., When the test objectives change upon & major system lavel concept
redirection, a more cxtensivv. feedback pructice may be necessary, i.e., a
comprehensive technical review.

Reviews

Tachnical reviews are an extension of reprogrammicg sctions.
Management reviews have 2 high frequency of occurrence; however, they differ
greatly in purpose and style. The utility, as previously stated, lies in
communication.

At AFWL/NTE, the principal reviews in which the TD institutes rest
prograsm controls are: the {nitiel test plan briefing, the construction
package review, the fleld test mammgement meetings (weekly) amd the pre/post
trst dats analysis briefiags. The pieceeding rev’ews tre dullt 1ato the test
management ouclima,

During the course of thz test program a broad spectrus of task

specific technical interchange meetings take place. The majority of theee

13




meetings are set at the technical task level and may gemerate into formalized
task working groups. B&S fileld testing technical interchange areas which
historically maintain a formalized state are: instrumentation, simulation,
and pressure/crater related effects.

SUMMARY

The Air Porce has developed a system umg@-mt policy under which a
program -mg.f directs the macro-level R&D program flov. This philosophy of
a single-point integrator is appliad to AFWL/NTZ's Blast and Shock field test
prograx mansgemesnt.

The Test Director perforas thi: role as integrator. He uses & matrix
management approach in fulfilling the system's field tast support requirements.
Matrix management is the organizational framework which enables
AFVNL/NTE to respond with the progressive nature of s system's RiD cycle. The
aatrix's horizontal decision and task flow can adjust to specific system test
requirements and select technical expertise. The tast support can progress
without interfering with the fabric of technical functional area roles. The

natrix u:;ngeunt approach’'s essence is {n the segregation of a short-term
system fleld test program relative to the long-term research technology base
development.

The fileld test operational planning and principal personnel are the
basic management control elements. A dowinant managesent practice of all the
test persounnel ocutlfaed is a knowledge of commupication. The field test staff
wust communicate and convey technical tasks, as well ss perform their integra~
tion and direction management responsibilities.

The management tools for a teet program pr.vide the mechaniem for the
test integration and direction. The Rey working document {s the test plan.
It brings into focus the system test objectives with the comprencasive

annexes, detailed to specific test requirements and operational practices.

16
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APYENDIX 1 - TEST PLAN (EXAMPLE)

SECTION T - INTRODUCTICH

i. Objective. Discussion to provide foundation information to
individuals or groups involved in planning, implementing, executing, and
supporting the test operation.

2. Test Overviev. Discuseion giving the program baseline; i.e.,
uission needs, criteria, etc. for the Blast and Shock simulation of the
nuclear enviroment on a systes.

SECTIOR I1 - PROGRAM MANAGEMENT

1. Sponsors and Agreements.

a. Statement of pro_-ram scope and directives for the test is
being sponsored by the System Program Office (SPO). Select excerpts from the
program plan specific to the testing support.

b. Memorandum of Agreepent.

2. Test Direction and Technical Supervision. Test direction and
technical supervision is the responsibility of

Discussion on the authority necesasry to perform the fielding of
this exp¢riment being delegated to the Teet Director and functionsl
relaticnthips with the line authority.

3. Organization and Regponsibilities. (See Aanex)

SECTION III - DESCRIPTION OF TEST

1. Requirements and Justification: SPO directed requirements, AFR
80-38, etc. (Specify applicable portions, and use direct quotes.)

2. Type of Test and Gineral Descriptions (Succinct general
statements)

a. The overall obdjectives of this test are:
(1) To dewvelop
(2) To demonstrate
(3) To validate
b. General background on fileld testing techmiques, if required.

3. Technical Discussion: Approximately 250 words - details of #2

' Appendix I
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4. Operations Approach: (overview)

8. Work Breskdown Statement (WBS) (see Annex)
b. Schedule (see Annex).

¢, Construction Package (see Aamnax)

TR R g L -

OUTLINE
Responsibdle -
. Annex Annex
Annex Description Executor Writer hvition

A Location and Site Descriptior (with Site Support lLayout)
B Ceology and Geophysics (Site)
C . Schedule
D Test Organization (Chart)
| 4 Safety Plan
r Test Event Operations Plan

-Explosives Transit and Storage

=Dry Run Procedures

-Test Arming & Firing Checklist

-Critical Measurements List

“Bold Conditions & Procedures

~Misfire Procedures

-Pra/Post Event Pro;:edur'n
6 Security Plan (Site)
H Security Classification (Documents, Data, Briefings)
I Environmental Impact Assessment .
J Envirommental Effects Monitoring

Appendix 1
2
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Responsible
Annex Annex
Annex Description Executor Writer Revision
4 Comaunications Plan
L Meteorological Support Plan
M Photo Plan
N Construction Package (Drawings and Procedures)
0 Instrumentation Plan |
P Data Reduction & Analysis
Q Technical Reports (Requirements
& Schedules/Philosophy/Briefings)
R Theoretical Support
S Travel & Billetirg Procedures
T Vehicle and Zquipment Control Procedures
U Community Relations
v Funding
W Equipment /Data Listings (SFE/GFD, CFE/CFD)

Note: 1., The Test Director is the éoordinatot for assembling the

Test Plan.

2, Executor(s) listed above may change for a given test

dependent on when, where and how it is performed.

Appendix I
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APPENDIX I1 - BLAST AND SHOCK TEST REQUIREMENTS
AND BRESPONSIBILITIES

Legend:

A - Primary Agency
B ~ Secondary Agency
C - Tertiary Agency

WORK BREAKDOWN STATEMENT (EXAMPLE)

WORK UNIT

Central Requirements (criteria)
a. Geology

b. Simulation

cs Structure

Preliminary Design (Measurement
List & Plans)

a. Ground Shock

. be Simulation

10.

11,
12.

13,

c. Strunture
d. Development

Site Investigation

General Inat. Req. (Test Plan)
frelinimry Analysis

Teatbed Design

a.‘ Inst rumentation Layout

b. Gage Ranging
c. Treonch Plan

Instrusentation Systems Plar and

Procedures

Final Structure Design Drafting

Final Simulator Design Drafting

Final Test Plan w/Drawings and
Procedures

Test Plan Reviews
Precast Structure Fad

Simulator Materials

' ‘ APPROVING
PERFORMER AUTHORITY COMMENTS

B B
B B
B B
B B
A A
A
A
A
A
A/B A/B
A
A
A A
A
A
A
A A
A A
A A
A A
A A

© A A
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APPROVING
WORK UNIT PERFORMER AUTHORITY COMMENTS
14. Testbed Inst. Materials (IGFE) -
a. Structural - Cast Gages (100X) A
b. Structural -~ Other (100%) A
¢. Simulator - (1002} A
d. Free-Field (100Z) A
e. Developmental (100%) A
f. Carnera Protection, Camera Control,
Suspended Mounts and Light
Boards c
g. Cameras, Film and Batteries A A Aerial Photo
is GFD '
15. Field Inet. Mat. (2 GFE) A
a. Cable (100X) A
b. Recording Eqpmnt (1002 GFE) - A Including
recording
materials and
spares
¢. Bunkers (100X) A
d. Pre-Amplifiers (100) A
16. Instrumentation Calibration A A
17. Test Logistics (Site) B A,B
a. General B
b. Instrumentation Installation B,C
Material Crimps, Wire, etc.
c. Precast Structure Shipment B
18. Testbed Construction B A,B
a. Coustruction and Insatallation
Support Work Package C
b. Construction and Test Integra—
tion Management c
¢. Preparation (Survey, Siting,
Digging) B
d. General Tasks (Welding, Carpentry
etc) B
e, As-Built Drawings o
f. Inspections A,B,C
g+ Simulator B
h., Structural (Install) B
i. Gage (Install) A,C
j» Photo (Fad & Install) A,C
k. Cables (Install) C Lay ali cables
and connect
| I-Van. A
splices all
gnges.
Appendix II
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19.

20.

21.

22.
23.

24,

25«

26'
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Pretest Predictions (Analysis)

Pretest Reports

Test Instrumentation Recording

a. Envirommental Monitoring

b. Van Preparation (Dry Ruas) .
¢. Pre-Amplifier (Checkout)

d. Photo

e. Test Eveni Data Acquisitom
f. Photo Control System Support

Test System {Dry Rum)

Test Readiness Review

Test Execution

Post-Test Analysis

a. Post-Test Inspection

b. Data Processing (100% GFE)
¢c. Data Analysis ‘
d. Quick-Look Report (30 days)
e. Corrected Data Analysis

f. Datz Report

g. Final Report

Post-Test Cleanup

WORK UNIT PERFCRMER

e L
AUTHORITY COMMENTS "= -+ =wmeon. .

A A To participate
as part of
transition (over
the shoulder
training)

A A To participate as
part of transi-
tion (over the
shoulder
training)

A

A

A

A,C

A

C

A A

A,B,C A,B

A

A,B,C A,B

A

A

A

A

A

A

B
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BLAST AND SHOCK FIELD TEST MANAGEMENT

KEY WORDS: Military Enginpeering; Organizations; Planning; Tests;
Program Manager; Matrix Management; Test Director; Test Integrator; Blast and

Shock Testing

ABSTRACT: Matrix management functions as the principal field test manageaent
technique. The key i{s integrating the functional technclogy areas and a field
test support organization. The Flast and Shock Field Test Mansgement
structure for ballistic missile acquisitions system's test integrator role has
changed responsibility among several different organizations and site operating
locations. However, management's logic plan for accomplishing a multi-
participant field test has basically remained constant. The program's flow
for the performance of a field test 18 directed from the system's program
manager through major decision points, wit™: select developmental milestones.
Blast and Shock field test provides a direct statement, through the exercising
of the system's Nuclear Hardness and Survivability (NH&S) capability, in
neeting select decision point needs. A test integrator (test director) is the
responsible agent in the management of any Blast and Shock field test program.
The central thrust of the discussion {8 to present the Alir Force Weapons
Laboratory, Civil Engineering Division's (AFWL/NTE) {ntegrative (matrix)
structure with its test planuing and operating elements.
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Blast and Shock Field Test Management, hy Michael L. Noble. The
matrix management technique is presented as a principal field test management
structure. The test integrator (test director) is the responsible agent in
coupling the functional techmology areas and a field test support organization.

Planning and operating elements are presented.
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A COMPARISON OF NUCLEAR SIMULATION TECHNIQUES ON
GEHERIC MX STRUCTURES

By John F. Betz!

INTRODUCTION.

‘ Land based MX missiles represent an {mportart system in the of-
fensive triad of the United States military strategy. Deployment of this
new weapon system in a shallow-buried hurizontal configuration creatad
the need for a missile shelter design which could ensure survivability.
Structural designs had to be accomplished starting with simplified tech-
niques and proceeding with testing and advanced computer analysis. Once
a generic MX protective structure had been developed to a stage nearing
completion, large scale testing of the structure under anticipated at-
tack scenarios began.

Two main nonnuclear simulation techniques which are used to
reproduce nuclear airblast pressure loading were considered for use at
large scale (1/5 scale up to full scale). These are the Dynamic Airblast
Simulator (DABS) and the High Explosive Simulation Technidue (HEST). The

DABS 1s a high quality simuiator which reproduces both static and dynamic

airblast pressure loadings. The DABS configuration for the 1/5 scale
test on the generic protective structure is shown in Figure 1. The simu-
lator is essentially a semicircular cylinder with an explosive driver on
one end and a free surface on the other end, with the test structure
Tocated at the desired range in between. The results from the DABS pres-
sure loading in that 1/5 scale test were used to design the HEST layout
for the follow-on test. Shewn in Figure 2, the HEST was designed with
ceight different zones to duplicate the DABS loading on and around the
generic structure. '

Although each test revealed much about the structural response
and survivability of the protective structure, the reascn both tests

 were performed was %o see if the HEST could perform as well as the DABS

in simulating nuclear blast pressure loading. Cost was a driving force

’ 1Research Engineer, Structural Response Section, Technology and Applica-

tions Branch, Civil Engineering Research Division, Air Force Weapons
Laboratory, Kirtland Air Force Base, Albuquerque, New Mexico.
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behind this evaluation, because for tests 1/5 scale and larger, DABS
simulation is at lcast twice as expensive as HEST stmulation. There-
fore, using the generic model response as a yardstick, the HEST simula-
tion was measured against the DA3S standard.

SURFACE PRESSURES. ,

Overall, the SH-1 (HEST test) and D-1 (DABS test) airdlast
pressure loading were very similar in magnitude, waveform and timing.
Peak pressure loading of the front of the structure and the surrounding
headwall wvas 20 to 50 percent higher than D-1 for SH-1. Impulse loading
{s also around 20 percent higher than D-1 along the face of the struc-
ture, ‘ :
Afrblast pressure loading on the berm and berm sides atop the
structure had higher pesk magnitudes and {mpulse loadimgs in SH-1 than
D-1. As was the case for the headwall loading, the pesk pressures and
the {mpulse were 20 to 50 percent higher for SH-1 than for D-1.

hn uxamination of the near field soil stresses and velocities
indicated the same trend shown in the airblast pressure data. While the
near field soil gages had wore vari{ation than the blast pressure read-
ings, the data for SH-1 tended to be 25 to 100 percent greater in peak
magnitude than for D-1. The timing and shape of the soil near field
waveforms, 1ike the airblast pressure waveforms, were very closely
matched between the two sismlations.

Kith the airblast pressure data and 30il near field data iIn-
dicating that the two tests had very similar simwlatfons, structural re-
sponte p.runeters from J-1 and SH-1 should match quita well with SH-1

data magnitudes generally greater than D-i magnitudes.

STRUCTURAL RESPONSE.
In evaluating the similarity between the structural loads and

response between SH-1 and D-1, data from three mein sources were used.
First of all, no—mal stress at the sofl-structure interface orovided 2
comparison of the normai stiress on the structure (hrough the sofl., Then,
velocity and 1nl grated acceleration data showed how well structursl
motions matched between the tests. Finally, strain data indicated the
modes of response and their relative severity in both D-1 and SH-1.

e ¢ ki



Before exanining the specific structural data, however, scme
general understanding of the comparisom would helsp clarify the data
which will be presented. Heither the D-1 nor the SH-1 test exhibited
any signs of severe plastic behavior. There was minor hairline tensile
cracking in each test due to ovaling and due to other deformations under
loads. Generally, structural response indicates 1nitial response dua to
direct airblast Yoading cnly, then the response fs affected more and
more by norrz! stress and shear stress loading of’ the structure. Yerti-
cal longitudinal bending of the structure occurred in both tasts, as did
two distinct cycles of positive ovaling response kcrm and invert move
closer). Although the re.onses of both tasts mp:hed well overall, the
position of maximm response was not always the same. For exasple, the
location of the maximum vertical longitudinal be@1ng moment was forther
aft fn SH-1 than D-1 due to the greater magnitude of SH-1 airblast pres-
sure Joading of the headwall, which csused the effect%vu support of the
front of the structure to extend farther aft. Wlll. D-1 and SH-1
vaveforns and timing matched very nicely, but the‘j‘nagnitudes of the re-
sponse in SH-1 ware 50 to 100 percent greater on t}m average.

SMI CHARACTERIZATION. . 1{

Structure-Medfa Intersction (SMI) loadfr;g on the structure pro-
vides the second major lcading transaitter to the ‘structure (direct air-
blast loading is the other one). While direct afrdlast loading causes
the most fsmediate response of the structure, afrblast-induced ground
shock genereztes structural response in concert with the remaining direct
airdlast loading of the structure after the primr} compressive wave
effects. This s seen In both tests in the longitudinal response of the
structure, which consists of two distinct peaks: the (irst due to direct
airdiast loading, and the second due to reflectad airdlast loading and
3011 drag-back shear stress occurring in the frcnfn region of the struc-
ture. Separating the two peaks {seen in both longitudinal velocity and
strain data) is 2 relief caused by the normal stress induced by airblast
loading of the berm atop the structure propagating along the structure
and "jripping” the structure.

As seen in Figure 3, the normal stress at the crown, spring-
Tines, and invert at the region just behind the headwall agress overall
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in timing and waveform vith the normal stress tracings from correspond-
ing locations in D-1. The magnitudes are slightly aigher for SH-1, as
seen at the upstream springline and invert. However, the waveform does
not seem similar at the invert, and the D-1 normal stress magnitudes are
higher at the downstream springline. First of all, when the structure
1s placed at the test site, it rests in a 120° cradle of sand. Good con-

~tact between the invert gage and the surrounding media {s not controlla-

ble in those conditions. Therefore, those gace readings are not always
the best, and that variation seen at the {nvert is not beyond reasonable
agreement for two tests. Second of all, the reading at the downstream
springline, while showing a greater D-1 normal stress, shows very good
agreement in the waveforms. Once again, the variation in the waveforms
could be due to placement problems with the soil against the gage for
SH-1. Regardless of that, the variation {s not beyond that which can be
seen in a single test alone.

Figure 4, which {llustrates the rormal stresses at the rear of
the structure, shows the D-1 normal stresses to be higher across the sec-
£1on. The overall agreements are good for magnitudes and waveforms, ex-
cept at the upstream springline, where the SH-1 normal stress data must
have a problem with the scale but the waveforms are quite similar {n peak
timing and shape. SH-1 berm loading was not as high at the aft end of
the structure as in the more forward regions, so that could be a partial
explanation for the lower magnitud. of SH-1 normal stresses.

‘ Higher frontal loading in SH-1 causes higher longitudinai soil
velocities which are reflected in part in both the longitudinal shear

stress and the Tongitudinal structural velocity. SH-1 had greater drag-

back shear stress magnitudes and a greater portion of the length which
this drag-back shear acted upcn than 0-1. This, in turn, is reflected
in the second longitudinal velrcity peak and the secondary compressive
strain pulse, although the separation of effects between initial air-
blast loading and later shear stress and reflected airblast loading
grows less distinct toward the end wall,

SMI effects, then, are similar in comparison with the airblast
pressure and the near field paramaters already investigated. SH-1 mimics
D-1 very closely in SMI behavior, but generally the magnitudes in SH-1
are greater due to the greater locading in the simulation.
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VELOCITY CHARACTERIZATION.
Structural velocities are useful in examining the movement re-
sponse of the structure under the loading caused by the attack scenario.

The overall waveforms ire usually easy to expizin, especially in light
of the loading conditions already explored.

Structural longitudinal velocities are presented in Figure 5.
As already explained, they consist mainly of a double peak positive wave-
form with a relief seen in-between. The initial velocity peak is due to

.the direct airblast loading on the face of the structure. Normal stress

application caused by vertical afrblast-induced ground shock aczounts
for the slowing in-between peaks, while the second longitudinal velocity
peak is due to both secondary airblast peaks loading the structure face
directly and positive "drag-back" shear stress acting in the frontal
third of the structure. As shown in Figure 5, the structural longitu-
dinal velocities are greater in SH-1 than {a D-1 due to the slightly
higher airblast loading. Mear coincidence of the peaks in the aft of
the structure accounts fcr the higher velocity magnitudes.

The vertical structwral velocity profile is given in Figure 6.
This waveform {s characterized by an initial high neak due to incident
normal stress from vertical airblast-induced ground shock, with a usually
ainor second peak as the ground shock envelops the cross-section and a
rigid-body vertical displacement occurs. Once again, the waveforms agree
debhwen D-1 and SH-1, with greater magnitudes seen in SH-1 Jdue to the
greater airblast 1oads on the berm. The furward velccity readings for
this profile are more rounded because of the type of gage used to record
the data,

The lateral structural velocities are shown in Figure 7. The
best agreement {s s2en at the rear of the structure when comparing D-1
and SH-1. The expectad velocity waveform for lateral velocities is
shown consistently in D-1 data, where the crown of the structure dis-
places downstream, followed by the invert when the vertically-propagating
ground shock arrives there. SH-1 showed consistently negligible lateral
movement in the forward half of the structure. This could be due {in part
to the higher downsiream stresses caused by greater sirblast loading act-
ing to restrain lateral motion.
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Taking an overview of the velocity profiles shows that the ver-
tical structural velocities were of greatest magnitude, followed closely
by the longitudinal structural velocities. Both the vertical and longi-
tudinal velocities agreed with the D-1 waveforms but had higher magnitudes.
The SH-1 lateral structural velocities were consistently lower than D-1
except in the aft third of the structure, where the waveforms and magni-
tudes matched well for the two tests. Agreement of the velocity data be-
tween the two tests is surprisingly close, given the difference in blast
simulators and the higher SH-1 lcading. Indications are that similar

. structural responses occurred fn both tests, since no noteworthy varia-

tions were seen in the velocity comparisons for the two tests. An in-
vestigation of the strain data will be the final measure of the capability
of a HEST simulator to reproduce a DABS blast loading of a test structure,

STRAIN CHARACTERIZATION.

Structural strain data from the D-1 and SH-1 tests gave the
best indications of structural response, especially in light of the load-
ing conditions and the velocity response of each test. A great number
of strain gages were placed in the structure at specific regions so that
response could be defined in a more detailed manner. Representative
cases will be used for this comparison between SH-1 and 0-1 strain data.

~ Cases will be examined in cross-sections from the front to the rear of

the structure. ‘

Strain near the supported edge of the closure base pan is pre--
sented in Figure 8. Tensile strain is expected in the data from the
vertically-oriented gage, and both D-1 and SH-1 reflect this condi%ion
as the closure dishes inward under the airblast load. The waveforms re-
flect the higher SH-1 loading, but the timing of the three peaks in both
tests coincide regardless of the airblast loading differences. This is
because the peaks reflect the closure frequency of 500 Hz, which should
agree {n both tests with the same closure design.

Longitudinal strains at a saciion 2 meters from the front of
the structure are seen in Figure 9. Inner and outer strains for both
tests are shown at the crown and upstream springline, while anly outer
longitudinal strains are shown 2t the invert and downstream springline,
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The overall agreement {s very good between waveforms and magnitudes.
Several differences are apparent due to the lcading conditica varfation
between the DABS and the HEST. The D-1 frontal airblast loading was
greater at the bottom of the headwall than the top of the headwall and
greater on the downstream side than the upstream side of the closure.

The result was a bending moment seen in the strain data'during the ini-
tial afrblast loading compressive peak. The strain data displayed
greater compression at the invert than tie crown and greatsr compression
at the downstream springline (due to the hinge area and the greater air-
blast pressure loading) than at the upstream'springline. ¥hile this same
bending moment occurs in the horizonta® direction in SH-1 (influenced
most by the presence of the hinge), the vertical momeat is not seen in
SH-1 due to the constant load distribution vertically on the face of the
structure. These longitudinal strain comparisons also {llustrate tha

. common longitudinal modes of response: an initial compressive peak due
to direct airblast loading, followed by relief and a vertical longitu-
dinal bending which causss compression in the crown zs the rormal stress
from airblast loading of the berm arrives and gznerates large shear
stresses. These shear stresses act tc slow the structural motions, and
the normal stresses also induce the vertical longitudinal bending of the
structuré.' The severity of the normal stress on tha crown car also cause
localized wall pending, which {s seen clearly in the D-1 data twt more
moderately in the SH-1 data at this location. The final longilidinal re-
sponse mode is seen at around 26 to 28 milliseconds as tne drag-nack .
shear stress 1n the forward regfon of the structure interacts with the
resiciing shear stress and the end wall support further aft to cause a
smooth transient compressive strafn pulse as the structure vertically
bends. '

o o b L .

Mid-structure longitudinal strains, shown in Figure 10, foliow
the trends seen in the more forward location. Al}l the wavaforms agree
in shape and timing, but SH-1 shows more extreme strains due to the
higher Toading (except at the crown). The difference in strain at the
crown between 20 and 25 ms is due to the vertical longitudinal bending
in SH-1, which occurs farther back from the headworks than in D-1 and
resylts in more compressive strains in the crown as the bending takes

16
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place. This effect due to vertical longitudinal bending is seen in the
{nvert strain data as well, where the tensile strains caused by the bend-
ing show up in SH-1 but are not as severe in D-1 data. The pronounced
relief seen in both tests between 20 and 25 milliseconds s due to the
fact that the normal stress and resultant shear stresses are acting to
restrain the longitudinal motion of the forward portion of the structure
while the aft portion of the structure is reaching peak longitudinal
~ motions due to direct airblast loading. However, the major point of this
comparison is that both tests continue to direct the {dentical response
mnodes from the structure with slight changes due to the difference in
loading in the two simulations.

Figure 11 compares the circumferential strains for 0-1 and SH-l
test structures from data taken &t the inner face and outer longitudinal
redar at each location in the cross-section. As mentioned 2arlier, the
structural ovaling response consists of two positive ovaling phases
(crown and invert move closer) with a relief in between. The relief be-
tween positive ovaling response peaks is more pronounced ia D-1, when
negative ovaling occurred at times between the positive oviling responsas.
The initial ovaling phase was caused by the application of normal stress
at the crown due to airblest pressyre loading of the berm over the struce

ture, while the relief was caused by the flow of the normal stress around |

to the springlines as it propagated vertically, Finmally, the second
positive phase occurred as the norsal stress engulfed the structure and
the vertical motion of the structure downward was halted due to the com-
paction of the cradle material beneath the fnvert. The second positive
oveling phase seems more severe due to the higher strain magnitudes, but
the reduced concrete cross-section due to crecking of the concrete in
the initial positive ovalirg phase accounts for that exsggeration.
Figure 11 {1lustrates all of thesa points, and once sgain the SH-1 re-
sponse 1s generally greater due to the higher loading in the simulation.
The springlines provide the closest match, while higher ovaling modes
seenm to be present st the crown in SH-1 and at the favert fn 0-1.

Shown in Figure 12, lateral strains on the inner and outer sur-

faces of the endmall are compared for D-1 and SH-1 at the center and the
rim. Timing and shape of the waveforms agree very well 1in all cases,
with SH-1 experiencing the higher strains, a3 expected. At the center,
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the endwall dishing into the structure causes initial outer surface com-
pression and inner surface tension. As the lcad increases, the endwall
goes into overall section tension with the beniing mcment still evident
in the data. The initial peak {is due to structural displacement under
direct airblast iceding. The second peak 1s caused by the propagation
of the veriicel airblasi-induced ground shock down through the berm, and
the final long peak {s due to the same cause as the second longitudina!
strain and longitudinal velocity peaks seen thrnughout the SH-1 structure-
secondary airblast peak loads on the face of the structure and drag-back
shear strest acting in the frontal region of the structure. The same
effects are seen at the rim, except that the outer strain gage is re-
Tieved of load due to edge effacts near the outer correr of the struc-
tures, and thus that gage gives a very minor strain reading. The inner
strains at the rim go into initial compression as the endwall d1shes in,
but then the load increases to cause overall section tension seen 1n the -
gage. The second peak, due to vertical airblast-induced ground shock,
{s not as 1solated an event at the rim, and that peak i{s seen as a bump
on the decreasing side of the inftial peak. Given the complexity of the
response of the cndwall, the two tests agree very well in timing and
shape, with the only discrepancy being the greater magnitudes in SH-1
strains due to the loading differences with D-1.

Strain data analysis. based on understanding of the loading
condition differences and motion data, makes a very strong case for the
abilfty of a MEST simulator to mimic the loading of a DABS when simuiat-
1ng a given blast enviromment.

CONCLUSTON,
Comparisons batween the D-1 test data and the SH-1 test data

reveal that similar structural response modes were observed in both

tests. The only differences stem from the difference in the airblast
loading simulation in SH-1 compared to a D-1 standard, and that is a dis-
crepancy which can be corrected with a refined HEST design and proper‘
calibration of the HEST design. Using structural response as a yardstick,
therefore, the less costly HEST simulator 1s as viable & choice in test-

. ing generic structure designs under anticipated airblast conditions as

the more expensive DABS s mulator,
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SUMMARY

A Comparison of Nuclear Simulation Techniques on Generfc MX Structures, by
John F. Betz. Two separate 1/5 scale tests were run on a generic MX protective
structure using different simulators to create a standard bdlast environment.
Based on analysis of the structural data, the less expensive HEST simulator was
as good a simulator as the more expensive PABS simulator.
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A COMPARISON OF NUCLEAR SIMULATION TECHNIQUES ON
GENERIC MX STRUCTURES :

vEY WORDS: Explosions, Nuclear Explosions, Missiles, Shelters

ABSTRACT: A HEST (High Explosive Simulation Technique) is as good a
simulator of an airbluast enviromment as a DABS (Dynamic Airblast Simula-
torj. A study performed on the results of two identical 1/5 scale pro-
tective structures when tested under matching enviromments produced by
each of the simulators revealed data which supports the viability of

the HEST simulator, which is less costly and was thought to be of less
fidelity than a DABS simulation. Structural response data, which is
used as a yardstick to compare simulators, shows fdentical response
modes are produced by the two simulators as arranzed in the matching
tests.
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ABSTRACT

INSTRUMENTATION
FOR ‘
PROTECTIVE STRUCTURES TESTING

Joe V. Quintana

Selected stress and motion parameters associated with test ijuput

stimulug, free-field response, and specimen structure regponses are

identified as measurands in simulation testing of Air Force (AF) pro-—
For each measurand the corresponding sensor and

tective structures.
sensing technique used by the AP is illustrated and briefly described.
Observed performance is noted and other factors reveal implementation

guidelines,
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INSTRUMENRTATION
FOR
PROTECTIVE STRUCTURES TESTING

JOE V. QuINTARAl

IRTRODUCTION

Critical to the success of efforts to develop survivable protective
structures is the data acquired in experimental field tests. Real-tinme
measurements characterizing the test input stimulus, free field responses
and structure responses are indispensable for accurate empirical assessments
of structure survivability and verification of physical models.

This paper is an overview of instrumentation used in simulation testing by
the Air Force Civil Engineering Research Division of the Alr Force Weapons
Laboratory (AFWL/NTE). The techniques presented have evolved over several
years and have been used in a munber of programs for nuclear blast simulator
development and subsequent survivability testing. In this paper selected
stress and motion parameters in the areas of stimulation, free field
response, and structure response are identified as specific measurands of
interest. A description of the corresponding sensor (transducer and its
mounting hardware) and the sensing technique is presented with perti-
nent considerations and observed performance parameters. Emphasis is on the
sensing end of the measurement channel although a brief description of system
topics such as signal conditioning electronics and cabling schemes is
included. The tecliniques described generally represent current approaches
at the Civil Engineering Research Division. However, they dc not reflect
ongoing instrumenta*ion development efforts toward utilizing the latest
in transducer materials technology, electro-optics, semiconductor
devices, fiber optics, and others to enhance fieldability, accuracy and
survivability of the instrumentation. ‘

It 18 hoped that the descriptions will enable readers to assess the tech-
niques in view of their own current practices or interests and enter a
technical dialogue with the author toward optimizing the instrumentation for
specific applications. Only with such information exchanges can the
experimental community realize mutual benefit in fielding instrumentatiorn to
obtain the necessarily hign quality of field test measurement data required.

TEST INPUT STIMULUS

Blast Pressure

Considering that large masses of high explosives are used to create the
tailored blast environments for simulation testing it follows that a most

1 aAfir Porce Weapons Laboratory
Civil Engineering Research Division
Kirtland Air Force Base, New Mexico
A.C. 505-944~0156; Autovon 244-0156
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significant parameter to characterize test input stimulus i3 the blast
pressure time history. The hostility of the total test environment and the
stringent characteristics of the measurand require a highly specialized
transducer. The unit developed to AFWL/NTE specifications specifically for
use in simulator applications is designated the HKS-11-375-10K. The
resistance-based transducer incorporates a silicon integrated sensor (IS) disk
vith diffused semiconductor strain gages in an essentially monolithic
construction to provide outstanding shock hardness. The silicon IS enables
extremely high resonant frequency, and thermal barrier provisions minimize
flash thermal respon3cs in the use environment. FEvaluation testing and
successful applicatisns of the HKS-11-375-10K since 1975 have demonstrated
shock acceleration hardness to greater than 5C Kg (iadicated), natural
resonant frequency greater than 700KHz, on-axis acceleration sensitivity less
than 0.4 uv/g , and less than 0.2 mv response from flash thermal stimulus |
applied per NBS Bulletin 905 to the sensing face of the transducer. The basic
unit is available in various performance ranges from 3.4 MPa (500 pei) to |
137.9 MPa (20,000 psi) from Kulite Semiconductor Products, Inc., originatoés
of the IS silicon disk element for pressure transducers. Figure 1 is a )
repregentation of the unit.

i

For events using the HEST simulator the specific measurand is the blast
overpressure loading the ground surface directly under the explosives array.
To measure blast overpressure sensors are installed flush in the testbed ‘
surface. Normally sensors are located throughout the total area to observe
propagation of the blast wave front. To provide stable sensing platforms |
concrete masses on the order of 0.2m3 are poured at the sensing locations. |
Steel mounting hardware and provisions for cable protection are embedded in
the pour. After concrete cure, ~“he cable and the plug-in sensor module (with
transducer) are iunstalled to complete the stable flush-mount installation.
Figure 2 shows the AFWL/NTE blast pressure sensor hardware. Figure 3 shows a
typical HEST blast pressure sensing installatioun. HEST cavity pressurss to 35
MPa (5 K psi) have been measured using the concrete high mass scheme.

Time of Arrival

A parameter used to cross-correlata blast pressure dats, monitor HE ‘
detonation rate, and characterize detonation wave front symmetry is the time
of arrival (TOA). The specific measurand i{s rhe time lapse between the §
explosives initiation at T-zero and the time the detonation front arrives at
uni quely predetermined precisely established positions throughout the |
explosives array. Up to 300 sensors (depending on size of the simulator |
explosives area) may be fielded to acquire the TOA data with a TOA digitizing
system designated as TOADS 11. TOADS 11 is the second generation of a system
developed to AFWL/NTE requirements specifically for simulator applications.
Typically, a TOA sensor consists of a relatively inexpensive 1 cm dia X 5 mm
thick ferroceramic (PZT-5) disc secured directly to the explosive element at
the established location. Each sensor is assigned a unique fdentifying
number, and each is cabled directly to the TOADS forward system (FS) :
electronics unit usually within 50 meters of the HE array. The TOADS, totally
independent of the instrumentation system, functions as an electronic
stop—watch with all channels starting to count simultaneocusly at T-zero and
stopping when a pulse is geanerated by the piezoelectric disc on arrival of}the
detonation wave front. All elapsed time data is stored on receipt during the
event. After the test the FS is retrieved and the data 1s dumped, digitized,
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and printed on paper tape by a central control (CC) unit ia the control van.
Each channel 1is uniquely listed with its corresponding elapsed time in
microseconds. Data accuracy, a function of the internal clock, is on the
ocder of +0.2 us. Resolution 18 +0.4 us, and data yield is consistently above
95%Z. Figure 4 shows a typical TOA sensing installationm.

Total Pressure

Por applications in shock-tube-like 3{mulators, such as the Dynamic
Airblast Simulator (DABS), a prime parameter toward characterizing input
stimulus is total pressure. Again, considering the masses of .} used to drive
the simulstor and the resulting hostility of the test environment, highly
specialized instrumentation is required. Considering that total presgure must
be sensed with the transducer oriented head-on into the oncoming flow, and
considering presence of blast driven debris particles, the primary concern is
protecting the transducer with minimum perturbation of the measurand. The
design of the HKS-11-375 sensing face is such that only particles impacting a
2 mm diameter area at the center can cause transducer failure. Thus,
protecting the central area is all that is necessary for survivability agains’.
blast driven particles. The method used was to design a cap which could be
threaded down over the transducer face. The flat surface of the cap was then
machined to provide the necessary central area protection and apertures for
enabling blast flow to the transducer face for total pressure sensing mirus
debris effects. Thus an effective “debris shield.” Figure 5 shows the debris
shield configuration designated the Mod VI "church-window™ as used in
conjunction with the HKS-11-375 transducer. The design features the maximum
aperture area to offer minimum restriction to blast flow thus minimizing
effect on rise-time znd peak amplitude. The aperture configuration also
precludes definition of a cavity which could support acoustic osciilations.
The principle of deep beams theoretically enables the thin webs to support the
critical protective area against hypervelocity impact of 1 mm3 mild steel
particles. Originally designed for use up to 69 MPa (10,000 psi) measurements
to 100 MPa (14 500 psi) have been performed by using hardened (heat-treated)
debris shields and thermal barrier retaincrs on tne face of the transduczar.
Numerous successful head-on sensing applications in a variety of blast
environments has demonstrated adequacy of the technique. Signal analyses of
acquired data verifies the antiresonance of the "cavity". However, during the
shock tube evaluations in developing tine shield it was found that at levels of
reflectad pressure in the range to 20.7 MPa (3000 pel) a perturbation of early
time data profile was noted such that validity of the firste 50 usec by
comparison with an unshielded reference measurement was juestionable. Thus
selective application of the technique 13 required as for all measurement
applications.

i

Incident Cverpressure

In applications where structures are tested with blast wave stimulil
generated by "point—-gource” explcsives simulating nuclear surface burst
weapors, the principal parameter (and the measurand) is incident overpressure
(I0P). 10P measurements are made with the sensor surface flush in the free
field and oriented side on to the direction of biart wave front propagation.
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In this orientation the sensczr experiences a relatively mild shock
acceleration environmment compared to that in the HEST. Counsequently, it vas
established that the concrete high mass sensing technique would alsc work in
10P sensing applications. Thus the IOF genaing technique has been the
poured-in-place concrete maess vith ambedded hsrdvare as described earlier for
the BEST. However, because of the wide range of I0OP magnitudes possible ir a
given test event (typically from 35 MPa “close~in™ to the HE gtack to .035 MPa
at “far-field" locations) transducers other than the HXS-11-375 series are
requised. For gage pregssure messurements down to .03 MPs the Rulite XT5-1-190
serjes transducer has boen used in suitadly modified plug-in sensor modules.

For I0P and KEST wessurement applications vhere constrainte preclude use
of the concrete mass, an alternate sansing tachnique has been deviged.
Designated the “pipe mount”™, the technique consists of standard rigid pipe and
pipe fittings in an in-line assembly with the ragular plug-in module mounting
hardvare at the sensing end. Pigure ¢ {s a typical sssesdly. Subject to
properties of the free field geoclogy the assenmdly, with a “driving hecd” in
place of the sensor bedy, is impact driven vertically into the free field at
the senseing location. At proper depth the driving head i{s removed and a
regular sensor body is threaded into the upper coupling. A hand excevation is
made to enable routing the cable downward and out into the cable trench. With
the cable in place and covered over the plug-in sensor module ig inetalled, a
minor backfill and surface coupaction effort is performed, and the lov masse
blast pressure sensor is ready. The pipe mount has been flelded in & number
of HEST and non-HEST applications in a wide range of environment severities
and has demonstrated highly satisfactory performance. Pre and post test
optical surveys of sensor location and orientation together with analyses of
acquired data have indicsted as good, {f not better performance than the
high-mass concrete in terms of majutaining an established sensor location and
orientation. The consideration fs that {f the censor is the same post-test as
it was pre-test, there is reason to delieve that the sensor did not displace
with respect to the free field and did not bdecome disoriented froam
perpendicular with respect tc the propagating overnressure wave: tvwo critical
factors in acquiring valid pressure messurement data. ‘

FREE FIELD RESPONSE
‘Particle Acceleration

Of critical importance in characterizing free field response to test input
stizmuli is particle acceleration. PFortunately there sre many makes of
accelerometers which will very accurately sense the zagnitude of acceleration
which {t has experienced. The difficulty here {a te couple the transducer to
the free field such that 1t will experience the aversge accelerations that a
typical soil particle experiences as a result of a specific stimulus.
Historically, the accepted method has been to enclose the sccelerometer in a
package whose selected physical propertiss closely approzimate those of the
specific free field and comply with the free field motion response. A variety
of metal canigters (usually aluminum) has been devised and ugsed by
experimentars in many free field measurezent applications. However, due to
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the propensity to ring when shock excited and a number of problems inherent in
fabricating, vaterproofing, and fielding metsl cazn packages, the AFWL
developed the castable canister sensing technique. Main feature of the
technique is that the package containing the accelerozmeters is of cast epoxy.
With epoxy of suitable properties and with re-useable molds, cost effective
mass production methods are easily implemented. Normally, a sensor package is
made in two pours. The first forms the bese and the pillar for mounting the
accelerometers on 3 mutually perpendicular surfaces. Acceleroseters are then
bonded -0 the surfaces with cyancacrylate resin to sense along the axes as
desired. Wiring transition from the very small tranaducer wire to the larger
forwvard landline cable is effected without tedious splicing activity by using
miniature terminal strips alsoc bonded to the pillsr. The second pour
completes the cylindrical geometry and effects total encapsulation. After
overnight cure, the resulting ainiature package i3 a moisture iampervious, 3-d
sensing, esecentially wonolithic cylinder with relatively high natural
frequency for sensing free field accelerations. Pigure 7 shows the AFWL/NTE
epoxy micro-canister. For placing the sensor in the free field an NX-size 7.6
ca (3in) diameter vertical hole f{s drilled at the desired location. An
indexed and graduated placement rod is connected to a fastener cast into the
upper face, and the sensor asseazbly is lowermd to the desired depth. Vertical
orientation and azimuth are carefully established and maintained while
soil-matching expansive grout is injected to effact coupling cf the sensor to
the free field. After a suitable cure time the placement rod is unfastened
from the sensor and a final injection of grout complete« the coupling for the
sensing installation.

Soil Pressure

To observe load stresses in the free f.eld as well as in backfill regions
around emplaced structures, meagsurements are made of a principal axis stress or
"soil pressure”. The transducer used is the "SE" gage developed to
specifications of the U.S. Army Corps of Engineers, Waterways Experiment
Station. The transducer is wefer—like with sensitive diaphragms forming the
central area of each surface. A flat ring encircles and is soft coupled to
the central area to isolate it from transverse stresses. The ring also
functions to provide the proper diameter such that the central area registers
true strecs and is not affected by arching in the scil media. Figure 8 shows
the transducer. Most critical in sensing soil pressure is the placement of
the transducer such that intimate coupling with the media and accurate sensing
orientation are established and meintained. 1In bdackfill areas and in
near-surface free fleld applications careful hand placement in sieved soil
beds with strict attention to reconstituting the soil around the transducer
has yielded correlatable data to 14 MPa. Various placement schemes for
vertical and horizontal sensing at depths grester than 1 m ir the free field
have been only partially successful due primarily to the inability to
establish and verify intimate coupling to the unkrown in-situ media conditions
at the deep (6 =) sensing location. Verticai boreholes to partial depth have
sonewhat alleviated the placement problem for sensing the horizontal
component. However, mors development {s needed for deep placement of the
sensor.
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STRUCTURE PARAMETERS

With a specific test input stimulus characterized by blast pressure data
and| propegation through the frse field revealed by particle motion and stress
data, the bottom line is to determine specimen integrity as characterized by
structure data. Comprehensive and accurate determinations require knowledge
of real time blast and ground shock induced loads as well as the resulting
Tesponse parameters. Thus a variety of typee of measurcments is normally
fielded suck that data 1is acquired om specific measurands and
cross—correlations may be enabled with other relsted parameters.

Blast Induced Load

Basically 3 wodes of airblast loading occur in simulation testing.
Depending on simulator configuration these are (1) downward direct as in HEST
(2)\totnl loading horizontally as i{in DABS (3) incident loading as from

point-source HE. Although the transducer used for all blast load
-enpure-entl is the HXS-11-375, each sensing environment i{s unique. Thus each
measuresnt channel must be designed only after careful consideration of all
1nf$jmution pertinent to the environment and each sensing location.

(l)i Direct loading

‘The sensing technique used for measuring airblast loading of the exposed
surface in HEST enviromments is similar to free field blast pressure ‘
nealutenents i.e. a high mass concrete mount with embe”ded gage mounting
hardware. Howvever, in this case the high mass concrete is the structure
itself, Ths most competent, stable location in the structure surface is
selected and gage mount hardvare 1s placed prior to concrete pour. Normally,
care is taken ro isolate all transducer mounting hardware from rebar or other
structural steel components in the structure. Thus, shock stresses are not
dir&ctly coupled into the trasnsducer, and a possible source of shock-induced
noise is eliminated. Rigid plastic or metal tubing lesds from the mount to
the interior of the structure. Thus the cable 18 locally protected against
cable noise induced by shock stress and gross motion. Ultimately the cable
exits the structure via a cable penetration provision through the structure
wall at depth into the free field. For measuring blast loading the sensor is
flush with the structure surface which in turn {s flush with the testbed.
Thus, blast load messurements on structures in HEST simulators register the
same measurand as the free field blast pressure measurements, and the data is

directly correlatabla.

|
(2)lre:a1 Loading

| Sensors to measure loading in DABS-like simulators experience a somewhat

different environment. Total reflected pressure magnitudes tend to be higher
with generally higher attendant shock enviromment. The thermal eavironment is
driven by hypervelocity compression in addition to HE detonation and burr.
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large quantities of debris, especially soil particles and explosives residue,
are driven down the sizmulator and fapact spacimen surfaces. The sensing
technique for full duration measurements of dlast load on surfaces is to
employ the church window debris shield as for DABS free-stream total pressure
measurements. Again, the blast lcad sensor harduare is cast into the
structure such that the sensor is surface flush. The regulsr plug-in sensing
wodule face is simply counterbored and the aebris shield is threaded on to the
transducer. With the debris shield in piice full duration data yield for

‘measurements of blast loading in debrisg-iscan environments has consistently

been above 952 of the channels flelded. Measurements to 68.9 MPa (10,000 pei)
have been made using the technique. ’ '

(3) Incident Loading

Load measurements in field tests driven by point sources such as HE stacks
are generally of the incident overpressure type sensed side—on. The sensing
environment associated with this measurement is by far the least severe of
all. The regular blaat pressure gensing hardware is cast in at the desired
sensing location such that the plug-in module 18 surface flush. The ‘
HXS~11-375 transducer is installed and the sensor is complete. For
measurements less than 1.7 MPa (250 psi) the plug-in module is modified to
accommodate the Kulite XTS-1-190 geries transducer. Measurements to 0.03 MPa
(5 pel) are enabled such as those in the far field.

GROUND SHOCK LOADING

Overall loading on the specimen structure cannot be characterized without
knowledge of the load stresses transmitted to the structure through the
geologic media. Although a wide variety of interface stress and motion
measurements has been fielded to measure interface parameters toward
characterizing structure-media interactions, measurements of normal and shear
streass at the interface are required to provide the necessary structure
loading data.

Interface Stress

Characterization of load stresses in AFWL simulation testing has been from
information of normal stress and biaxial shear stresses. Currently two
sengors are employed to measure normal stress, and one is used to sense shear
and normal stresses at the interface. The two configurations ol rormal stress
sensors are the WAM gage and the NS gage. Both employ similar stael cases
cast into the structure at the sensing location and strain-gaged aluminum
elements instalied from the outside to effect a surface-flush normal stress
sensor. Figure 9§ shows typical installations. With tntal moisture
impervious strain gage installations both sensors have yielded comparable data
for a given environwent. The NS gage geometry i3 better suired to use in
transverse shock acceleration environments above 2 Kg. The lower mass, stiffer
element produces less noise response from transverse shock accelerations and
transverse load stresses acting on the sensing face. For sensing shear
stresses and normal stress with one transducer the TRIAX gage 18 used. As for
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the normsal stress gages, a steel case is first cast intc the structure and the
sensitive element instalied after concrete cure. However, the triax case is
carefully oriented such that the sensitive element will be properly indexed
and sensing axes will be correct. The triax element i{s installed from the

imside. The gecmetry of the elemeant with its strain gaged cantilever beams is

such that, in addition to sensitivitiez in three axes, there is an
acceleration compensation effect in the transverse axes. Sensing end of the
case is tapered to the seunsing face diameter for minimum surface texture
perturbation. Additionally, the face nf the element is filled with a
concrete/epoxy mix to duplicate the actual concrete texture for required shear
coupling with the soil media. Figure 10 shows a typical triax gage
instailation. : ’

Rebar Strain

A prime parameter to assess structure response to loading stresses is
strain in the steel reinforcing components, rebar strain. A esuccessful .
technique for sensing rebar strain is the use of four separate foil strain
gages all at the strain sensing location. Two are applied diametrically on
the har to sense tension-compression and the other two are on separate metal

tabs as dummies. The tabs are mounted near the sensing location such as to be

mechanically isolated from, but thermally coupled to, the rebar. Thus the
tab-mounted gages are fully temperature compersating durmmy gages in keeping
with good strain gage instrumentation practice for high accuracy data. 3Strain
gages are bonded with cyancacrylate achesive to enable a 15 minute cure time
inatallation free of all adversities associated with 2 part-mix, long-time or
heat accelerated cure epoxy adhesives. The complete installation 1is
wvaterproofed and overlayed with a tough, two-part shrinkfit jacket against
damage during concrete pour and vibrating. The inner layer of the jacket is a
resilient waterproofing material which also serves to isoclate the strain
installation from back-side stresses. Leads counected to each strain gage are
routed from the sensing installation to the structure interior. Figure 11
illustrates the technique. Maximum length for the completed installation can
be around 38 mm. The strain gage bridge connections can conveniently be made,
and all electrical parameters for defining sensitivity can be monitored
esgentially at the bridge with the circuit in the actual use configuration.
The senaing technique with bridge excitation voltages to 30 vdc has
demonstrated 50 yue resolution direct (i.e. unamplified) data and yields in the
range above 90% of channels installed. (One test event used the strain
sensors after a 7 month period during which the emplaced silo structure was
from 1/3 to 2/3 full of water!)

Structure Acceleration

Gross structural acceleration responses are among the less troublesome
measurements performed in survivability testing. Sensing techniques require
embeddi{ng prepared metal mounting plates in the surface to enable attachment
of the motion trznsducers. Pre~driliing, tapping, and weiding Nelson studs
facilitates proper orientation and ensures intimate coupling to the concrete
mass. Figure 12 shows a typical sensor. Care is taken to isolate the
mou~ting plates from rebar and other structural steel members to preclude
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possible noise inrfucing shock stresses. Design considerations for the plates
irnclude sizing to :he minimum for the highest pcssible natural resonant
frecuency (at least 10 X the highest expected motion frequency) while
accommodating the transducer. Where the requirement i{s for biaxial sensing at
a particular location a block ie welded or otherwise securely fastened to the
plate to mount the orthogonal motion transducer. Ganerally, transducers cau
be apny of a number of available accelercmeters with small cr'tically fluid
damped units preferred for gross motion measurements. Such a unit is the
Endevco 2262C-2000. Of extreme importance in such installstions 1s the proper
strain relicf and retention means for cabling. If not properly implewmented
initial stock aotions may easily cause cable failure at worst or cable slap
and flexure induced noise at best. Pre-planned catle routing and anchors
embedded in the structure surface for cable clamps enable gdequate retention.
Also, for successful installations total moisture impervicusness must be
schieved at all cable splice connections. A combination of AMP
sealing/dielectric compound overwrapped with Scotch 88 electrical tape has
proven highly successful in structures as well as in all other field test
lucations.

Relative Displacement

A most difficult response measurement is tho relative digsplacement between
one point on & structure interior surface with respect to another during the
violent transient test environment. Such measurements are required for
character{zing deformations of structures under transient loading.
Complicating the task is that generally the static distance (spen) between
points can be up to 2 m. The requirement to sense xotion ranges to +13 cm
with required resolution of 2 mm {s not uncommon. Other trcublesome aspects
include shock~driven debris and blow-bdby coabustion products (which preclude
use of radiative sensing techniques) znd the fac-. that the points on the
structure move randomly with respect to each other while under up to 3 Kg
shock loading. A sensing technique most suited to withstand the shock
accelerations, remain intact during random shock motions of sensing points,
and yield effective displacement data is to use 2 “pull-wire potentiometer™
(PWP). The unit consists of a constant-tension clock spring motor whose shaft
is common with a low-inertia pulley and the shaft of a rotary potentiometer.
The PWF is fastened to a mounting plate embedded in the structure surface at
the sensing point having the least severe initial shock environment. A
pre-~cut span length of low mass high strength 1 mm diameter Sraided steel
cable (wire) is connected to an anchor at the otner sensing point. The
similar type cab. e wound on the pulley in the unit is now pulled ovt against
spring tensicn und coupled to the span cable. The sensing points changing
effective separstion vary the length of cable which rotates the potentiometer
shaft producing as proporticnal voltage. Figure 13 15 a diagram of the PWP
unit. Early (1973) applications of the technique used & ccmmercially
available unit from Celesco Transducer Products, Inc. in California. The'
ruggedized PT~101RX moJel was obtained and modified for special application.
The units yielded smooth data profiles of displacements at indicated
velocities to about 10m/a, Criticel to using the technique is the proper
tension in the spring motor and adequate shock hardness of the potentiometer.
Tension of the spring motor producec corresponding tension i{n the pull-wire
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which enables fast retraction with decreasing span and increases the
fundamental vibrating frequency of the cable span. Shock hardness of the
potentiometer establishes gurvivability with a minimua of shock-induced

nolde. Obviously careful consideration of these two parameters aa well as the
others is mandatory for the scquisition of accurate full duration relative
displacement data. . :

SYSTEM TOPICS
Cabling

Extremely important is the requirement that the analog signal from the
sensor be transmitted without alteration via landline cable to the
electronics. Cabling considerations are separatsd into two general areas
based on environment (a) the forward cable (typically 70 m) from sensor to the
close~in ISC 230 signal conditioners (b) the trunkline cable (typically 600 m)
from conditioners to the instrumentation vans in a remote location. The
forward cable experiences ambient direct burial conditions and the blast
induced strees and motion environment of the testbed. Thur, cable design must
require a mechanical construction that will ainimize strevz induced
piezoelectrical noise effects and flexure-induced triboelectric coise.
Elsctrical design is to ensure minizum impedsnce at frequencies of interest.
Cables must be properly placed in well-designed trench arrays tc minimize
broadside stress impingement ard to sccommcdate differential motion of the
free fieid. Slabs of 5 cm thick expanded polyethylene beadboard placed over
the cabdles in the trench prior to beckfill and compaction may bte of benefit in
testbeds especisally where high stress (35 pPa, 5000 psi) will de applied.
Expanded beadboard is also used in various designs at structure cable
penetrations to the free field to witigate the shear and tensaile faflure
conditions occurring at initial motion. Trunkline cable, normally unburied,
must withstand the ambient meteorologic and solar radiation envi{ronment and
present the minimum possible electrical impudance at tha frequencies of
interest.

Signal Conditioning

Since all transducers normally fielded are resistance based and connected
as Wheatstone bridge circuits, signal conditioning is simple and straight

forward. Electronics providing transducsr excitation and signal amplification'

is located in shelters as near as practical to the testbed. Design of the
special AFWL/NTE ISC 230 conditioner includes electrc-optic as well as
electromagretic techniques to provide signal {solation. Thus, flexibility in
system grounding and shielding is enabled to effect highly favorable
sigral-to~-noige reatios with dynamic performances of 60 db typical. Long term
zero signal and gain stabil{ty over thc temperature range -10°C to +50°C,

a 26 KHz frequency response and remote shunt ca.ibraticn capability are other
features included to ensure fisldability and rerformance. Conditioned analog
signals are recordied on magnetic tape in the single channel-per-track (CPT) FM
mode or with PM subcarrier multiplex (multiple channels per track) in the
direct mode. Data bandwidths can range to 80 KHz with CPT recording and up to
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32 XHi with sultiplex configurations. Thus, a vide range of data frequencies
can be rscocded; everything from rhe very rapid transient of & blast pressure
to the re atively slow rigid body response of the specimen structure.

Ou coupletion of current ungrade sctivities sponsored by the USAF
Ballisti. Missile Offirce, the APWL/NTE will operate and maintain six fully
equipped inctrumentation vans with a combined dats chammel capability of
approximately 2530 channsls. Wch two aiditional vans for timing, control,
and communicatious, a major capability will exist for data acquisitioec in
simulation development and field tasting of protective structures in MX as
vell as other critical Air Force programs. :

CONCLUSION

The foregoing overview has attempted to give some insight to
instrumentation techniques successfully epplied by the Air Force Civil
Engineering Research Division in simulation field testing of protective
structures. Althovgh such descriptions tend to give a "no-problem” impression
of simplicity, nothing is farther from fact! The author camnnot overemphasize
the importance of considering every known or suspected factor surrounding each
measurement requirement as a uniquely defini{tive parameter extremely able to
allow Murphy to prevail. Thus, the author hopes that if the descriptions
stimuiate any interest, pro or con, a telephone call will open the topic to
ths kind of indepth technical discussions which will hopefully defeat Murphy
in all his guises and result in better techniques toward acquiring the highest
quality field test data. ' '

JOE V. QUINTANA

Air Force Weapons Laboratory -
Civil Engineering Research Divieion
Kirtland AFB, NM 89717

(505) 844-0156 Autovon 244-0156

24




CRCE S e N
T S v g g et

FINITE ELEMENT DYNAMIC ANALYSIS
OF DCT-2 MODEL E

by

B. L. Bingham, 1st Lt, USAF
OTC Project Qfficer

Air Force Weapons Laboratory

Structural Dynamics Section

ABSTRACT

This report discusses quas‘i three-dimensional finite element dynam-
ic analysis performed for a buried reinforced conérete cylindrical shell
explosive test conducted by AFWL at Kirtland AFB, NM. The test (con-
ducted on 27 Feb 81) included tws horizontal 1CBM shelter models with
rectangular roof cut-outs, inner steel 1liners, longitudinal interior
rails, and two differen: thickness to inner radius ratios (0.18 and
0.28). Both models wera subjected to a combined axial and transverse
simulated nuclear envirc ment. The finite element analysis examines the
axial response to include the initial compressive wave, structure-media
interaction loads, longitudinal vertical bending, axial strains and
motion, and effects of certain structural details such as rectangular
roof cutouts and varying thickness to internal radius ratio. The rein-
forced concrete material model is piecewise linear, perfectly plastic
with smeared steel.

Key Words: Dynamic Structural Response, Horizontal Buried Cylinders,
Finite Element Analysis, Axial Response, Longitudinal Bending, Struc-
tural Modeling.
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FINITE ELEMENT DYNAMIC ANALYSIS
OF DCT-2 MODEL E
1

by Barry L. Bingham

INTRCOUCTION
Background

Shallow buried, scaled horizontal cylindrical shelters for Inter-
Continental Ballistic Missiles (ICBMs) were subjected to a simulated
nuclear airblast environment. This test, the second Dynamic Cylinder
Test (DCT-2) subjected these generic horizontal shelter models to a com-
bined axial and transverse airblast environment. This shelter concept
consists of a closure/headworks region which opens inte a roadway ahd it
directly subjected tc airblast loading. The rest of the cylinder is
covered by soil berm. The closure/headworks region is elevated above
the front roadway such that the soil directly'underneath’the shelter is
loaded. Each of the models in DCT-Z contained two rectanqular roof cut-
outs (called Strategic Arms Limitation Talks, SALT, ports). These ports
are designed for removal for missile verification. The models also have
inner steel liners, longitudinal supporf beams near the springline to
support a mjssile mass simulator, and two different thickness to inner
radius ratios (T/IR = 0.18 and 0.28). Posttest data analysis of 0CT-2
concluded that a low frequency longitudinal vertical bending moment dom-
inated structural response with moment concentration occurring at the
first SALT port. '

Analysis Objectives

The objective of the SAMSON‘(Ref. 1) two dimensional. (quasi three-
dimensional) finite element dynamic analysis of a 1/4.22 scale generic
horizontal shelter is to examine and define axial response in a combined
axjal and transverse loading environment. Specific items of interest in
axial response include the initiai longitudinal compressive wave down
the length of the model, the reflected relief wave off the backwall,
axial strains and motion, structure-media interaction (SMI) loads,

1Structural Dynamics Research £ngineer, lst Lt, USAF, at the Air Force
Weapons Laboratory, Civil Engineer Research Division, Structural Re-
sponse Section, Kirtland AFB, New Mexico.
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longitudinal vertical bending, and effects of cerlain structural details
such as SALT ports.

Scope

A SAMSON two dimensional (2-0) finite element computer code calcu-
lation was performed to simulate the response of DCT-2 structure E (T/IR
= 0.18). The 2-D model was subjected to axial and transverse waveforms

" determined to be best fits to DCT-2 environmental data. This model is

very simple to use and inexpensive to run, while being extensive and

.reliable in information gained. It is capable of simulating longitudi-

nal structural motion, longitudinal structural strains, longitudinal
near field soil motion, SMI shear stresses, SMI normal stresses, verti-
cal soil motion and stresses, and structural ovaling. Each of the
structural parameters vary from crown to invert. This report mainly
focuses on comparison of the calculation results to test data. An AFWL
technical report yet to be published (under the same name as this re-

-+ port) discusses theoretical development of this modeling procedure in

greater‘detail.

DESCRIPTION OF ANALYTICAL MODELING PROCEDURES
Finite Element Grid

The basic model configuration in the DCT-2 testbed is shown in
Figure 1. The entire two dimensional SAMSON finite element grid (Figure

+2) is a representation of the elevation view shown in figure 1. The

finite element grid can be separated into two main element groups; (1)
the structural elements and (2) the soil elements.

There are 95 bilinear displacement quadrilateral structural ele-
ments and 120 structural nodes {Figure 2). The largest element dimen-
sion is 0.758 meter (29.8 in) and the smallest is 0.246 meter (9.7 in).
A single element represents each of the two SALT port lids located at
third points down the length of the structure. The SALT port joint gaps
are represented by the element material properties. The tube section of
the structure is represented by five layers of plane stress elements
(Figure 3).
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Figure 3. SAMSON 1 grid break-up DCT-2 Model E.

The structure sits in a soil island grid (Figure 2) which is simply
supported along the bottom and outermost sides. There are 311 bilinear
displacement quadrilateral soil elements and 320 soil nodes (Figure 2).
The grid is 20.4 meters {66 ft 11.2 in) wide and 7.3 meters (23 ft 11.4
in) high. The largest element dimension is 1.394 meters (54.9 in) and
the smallest is 0.246 meter (9.7 in). The soil elements make up a con-
tinuous grid with the structural elements overiaying soil elements.
This type of grid allows for full development of ground shock from air-
biast loading, while load is also being applied to the structure. There
are seven sliding/separating boundaries (SSB) between the soil and
structure elements. One SSB defines the interface at the backwall. The

remaining six SSB's are all horizontal with respect to the grid in

Figure 2 and extend down the entire length of the structure. The top
and bottom SSB's are at the crown and invert, respectively, wich the
other four SSB's corresponding to tne structural layers in between. The
three SSB's above the structure springline are such that downward moving
soil cannot pass through any of the SSB's, but the soil is free to move

- ———— ——— .




upward. The three S5B's below the structure springline are such that
downward motion of the structure is restricted by the soil. The ele-
ments on either side of the SSB can slide relative to each other, sepa-

| rate, and impact‘after separation. The SSB's transmit normal and shear

forces at the nodes across the interface.

Structufal #odeling

The structure consists of five layers of tube elements, two SALT
port elements, five loader 1id elements, and five backwall elements.
All of the structural elements are anisotropic with different material
models in the horizontal (X) and vertical (Z) directions. The horizon-
tal or longitudinal material model for the tube elements is shown in
Figure 4. The axial reinforced concrete (R/C) behavior is represented
by an elastic-plastic material model. The SALT port joint gap is repre-
sented by a 1.0 me shift in the stress-strain curve and a zero tensile
cutoff (Figure 5).

The vertical elastic modulus for the structure tube elements has to
be modified to allow for ovaling of the cylinder. The equation for the
vertical ovaling modulus, Ev' is derived in an Air Force Weapons lLabora-
tory (AFWL) technical report yet to be published (under the same name as
this report) from concepts presznted in Timoshenko's “Theory of Plates
and Shelis* (Ref. 2, pp 5 and 502).

. L £l : : '
f =z - (1)
A 0,149 &3 (1-v9)

where

L = Total depth of the structure elements (1.340 meters)

A = Yeighted average (with respect to the element vertical
depths) of the element vertical areas for a 1.0 meters
long section (0.295 mz)

E = Young's Modulus for concrete (3.45 x 10? MPa)

[ = Area moment of inertia of a cracked wall cross section
1.0 meters long (2.66 x 107> m®)

a = Average cylinder radius (0.619 meter)
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Figure 5. DCT-2 SALT port lid material model.
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v = Poisson's ratio for concrete (0.2)
Ev = Ovaling modulus (123.0 MPa)

This vertical ovaling modulus resuited in the relative displacement be-
tween the. crown and invert nodes (at mid structure) shown in Figure 6.
The peak relative displacement is 26.5 mm (1.04 in) which is character-
istic of DCT-2 test data.

0.03

0.0265 m

0.02

VERTICAL R/D (m)

0.01

o.oo A e A - A
o 10 20 30 40 50

TIME (ms)

Figure 6. Relative displacement between crown and invert nodes at mid-
structure.

Airblast Representation

Figure 7 shows the assessed axial and transverse loading environ-
ments for DCT-2. The pressure waveforms were input into SAMSON as
pressure-time pairs {also shown in Figure 7). The transverse pressure
waveform traveled over the top of the finite element grid (Figure 2)
from teft to right with a velocity of 2936 m/s (9630 ft/s). The axial
pressure waveform was applied to the full layer of soil elements and the
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Figure 7. OCT-2 aiiai and transverse 1oading environments.

overlayed structural elements.
over the front face of! the soil and structure elements from top to
bottom with a velocity of 6400 m/s (21000 ft/s).

The axial pressure waveform traveled

COMPARISON OF ANALYSIS TO TEST DATA
: Structure Response

DCT-2 test data relevant to the SAMSCN calculation is in two cate-
gories; (1) longitudinal motion and (2} Tongitudinal strains.

Longitudinal Motion.

Longitudinal motion data from 0CT-2 model £ is rather limited.

- Gage placament only measured longitudinal motion in the structure at the

springline and at seven locatiors along the length, X = 2.108 meters,
4.159 meters, 6.209 meters, 7.799 meters, 8.259 meters, 9.284 meters,
and 12.172 meters. Figure 8 compares the nearest SAMSON calculation
plot (solid lines) to each of the measured data plots (dash dot lines).




In general the comparison is excellent. The first peak is matched very
well in timing and magnitude. Between X = 2.109 meters (6.9 ft) and X =
7.799 meters (25.6 ft) (Figure 8 (a) - (d)) SAMSOit tends to overestimate
the magnitude of the second peak. There are three main possibilities
for this discrepancy; (1) the calculation did not allow enough SMI shear
damping, or (2) the structural damping coefficient (0.04) was too low,
or (3) the gage measurements are in error after early time response
(after 6.0 ms). As of this writing the above poésibilities have not
been thoroughly investigated. At X = 8.259 meters (27.1 ft) and heyond
(Figure 8 (e) - (g)) the second peak is matched very well in timing and

magnitude.

Longitudinal Strains.

Figure 9 shows plots of DCT-2 E axial strains at seven locations
along the length of the structure; X = 2.109 meters, 3.699 meters, 4.159
meters, 5.184 meters, 6.209 meters, 8.259 meters, and 10.309 meters, re-
spectively. Figure 10 shows the <-rresponding SAMSON strains. Ccapar-
ing Figures 9 and 10 reveal many similarities. At approximately X = 2.1
meters (Figure 9 (a) and 10 (a)) the axial strain at the crown has an
initial peak strain followed by a2 larger second peak strain at 6.0 ms.
This second peak strain is most likely due to initiation of verticai
bending. The invert strain in Figure 9 (a) seems to be contrary to
indicated response with the measurement showing compression ratner than
tension after 10.0 ms. At approximately X = 3.5 meters (Figure 9 (b)
and 10 (b)) and X = 4.1 meters (Figure 9 (c) and 10 (c)) notice that the
SAMSON calculation overestimates the initial peak strain at the crown.
Therefore, the assumption of 1.0 me for the SALT port joint gap is most
likely too low. In qgeneral after 5.0 ms in both the DCT-2 E and SAMSON
data the highest compressive strains occur at the crown and the highest
tensile strains occur at the invert. Other than this general view, tim-
ing coordination between the two sets of data is difficult. At approxi-
mately 5.0 meters on back timing of the peak bending moment seems to be
in fair agreement between the two sets of data. Again, the invert mea-
surement in Figure 9 (d) seems to be contrary to indicated response
after 10.0 ms. The best agreement occurs at X = 6.209 meters (Figure 9
{e) and 10 (2)) for timing and impulse of the initial peak compressive
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strain and for timing and magnitude of the bending moment. At X = 8.25
meters Figure 9 (f) and 10 (f) both sets of data indicate a detour of
the axial stress path from around the SALT port lid and concentrated
between the bottom of the 1id and springline. Tensile strain from the
relief wave off of the backwall-soil interface also concentrates at this
point. Also, the bending moment has substantially reduced in both sets
of data (although more so in the test daté). At X - 10.3 meters (Figure
9 (g) and 10 (g)) the initial peak strain impulse is low and the bending
moment has essentially disappeared in both sets of data. The SAMSON
calculation underestimates the peak tensile strains due to the reflected
relief wave, possibly, because the assumed R/C material (Figure 4) over-
estimates tensile capability. :

Soil Response

DCT-2 test data relevant to the SAMSUN calculation are in two

categories; (1) longitudinal motion and (2) vertical motion.
Longitudinal Motion.

Soil deformation under a simulated nuclear environment can be very
large. But under relatively short distances, attenuation of peak soil
motion and stresses can also be very large. Therefore, unless a node
point in a finite element grid is at the same relative location as a
gage measurement in the testbed, the two resultant piots may be very
different, and rightly so. The DCT-2 measured data is shown in Figure
11 compared to SAMSON data from nodes located on either side. The DCT-2
gage measurements were 0.7 meter (27.6 in) away from the structure,
whereas the SAMSON soil nodes are immediately adjacent to and directly
influenced by the structure. Due to the structure influence, the SAMSON
data will have high early time velocity (when the structure initially
punches through, dragging the soil back) and low late time peak velocity
(when the structure retards the progression of the ground shock). Even
the DCT-2 test data shows a hint of early time structural influence at
X = 4,155 meters and 6.209 meters (Figure 11 (b) and (c)).

Yertical Motion.

Figure 12 (a), (b), and (c) shows plots of free field suil vertical
velocities at three different depths, Z = (0.250 meter, 1.031 meters, and
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2.401 meters, respectively, for both the SAMSON calculation and DCT-2
test data. Figure 12 (d) shows plots of near field soil vertical veloc-
ities directly beneath the structure at a depth of 7 = 2.401 meters.’
The SAMSON data agrees very well with the free field test data. One
DCT-2 free field test data measurement did not agree well with the
others (the dotted line in Figure 12 (c)). There are a couple of possi-
bilities for this odd measurement; (1) the gage measurement was incor-
rect or (2) the location of X = 4.159 meters and Z = 2.401 meters may be
feeling the combined effects of the horizontal and vertical HEST cavi-
ties. Timing of the vertical and horizontal ground shock does not sup-
port the second possibility. »
The peak vertical velocity of the near field test data at Z = 2.401%
meters (Figure 12 (d)) is 5.5 m/s, which is Tower than the peak vertical
velocity in the free field at the same depth (7.5 m/s, Figure 12 (c)).
This is due to the shadowing effect of the structure on the vertical
ground shock. The SAMSON calculation overestimates this shadowing
effect and results in an even lower peak vertical velocity (4.0 m/s,
Figure 12 (d)). The soi} underneath the structure in the testbed is
influenced by vertical soil flow around the structure. The SAMSON

finite element grid has no way of accounting.for this phenomenon.

SMI Normal Stress ‘ !

Figure 13 shows plots of SMI normal stresses at the crown and in-
vert at four locations down the length of the structure, X = 0.152
meter, 0.652 meter, 6.209 meters, and 11.320 nsters, respectively. At
each location there is a plot of the crown normal stress {dash dct
line), the invert normal stress (dotted Tine), and the sum of the two
curves (solid 1ine). Positive stress is a downward load on the struc-
ture. At X = 0.1%2 meter (Figure 13 (a)) there is an overwhelming
pressure load from underneath the structure trying to force the front
portion of the structure up out of the soil. This high pressure‘region
is caused by the airblast praessure loading on the front wail and is a
result of the soil confinement. The soil cver the crown is Jloaded in
the same manner, but there is a nearby free air surface and the pressure
in the soil is only able to develop to the transverse load airblast
pressure. At X = 0.652 meter (Figure 13 (b)) the high pressure region
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has disappeared. Here the pressure load is primarily downward. This is
a moment couple which inftiates mament wave traveling down the structure
from front to rear. Figure 13 (c) shows a typical loading distribution
for the center of the structure with the pressure load predominantly
downward. But at the back (Figure 13 (d)) the pressure load shifts at
late time (greater than 15.0 ms) to a predominant upward load again.
This is the reaction pressure at the structure invert due to the verti-
cal bending moment.

Figure 14 shows a comparison of crown SMI normal étresses for the
SAMSON calculation (solid line} and test data (broken lines). At early

" time (prior to 5.0 ms) the SAMSON calculation does not match the spiked

stresses in the test data. This is most likely due to the fact that the
finite element grid is coarse and unable to transmit such high frequency
response. The early time pressure spikes may be matched better with a
fine grid. This coarse grid analysis assumes that' such early time
spiking is insignificant to overall structural response. After 5.0 ms
the agreement between the two sets of data is excellent.

Figure 15 shows a comparison of invert SMI normal stresses for both
sets of data. Here the agreement is also excellent. Both plots show a
slow rise time to a peak stress of 2.4 MPa and then a slow decay (al-
though the decay is more pronounced in the SAMSON data). The excellent
match in the two sets of data shows that the ovaling model was very
successful in filtoring the load from the crown to tie invert.

CONCLUSION

A quasi three-dimensional finite element modeling procedure of a
herizontal buried shelter has been developed. This procedure is simnle
to use and inexpensive to run. It models structural response to include
the inifial longitudinal compressive wave, longitudinal vertical bend-
ing, and ovaling. It is extensive and reliable in information gained.
The results of this analysis model closely the dynamic response of the
structural field test data, This procedure can also be applied to
vertical shelter response, particulariy if one is concerned about bend-
ing of the longitudinal axis of the tube.

21




-

il
A a9
3 |
Y _~ .
b i
&8 il
i )
“ “_ } nu
Hi j

‘..... !

”

............ -r“..l.l. SAY N

L L I .
= A A s u.r. TR LI s

10 ¢

(9dW) SSIYLS TYWHON

50

TIME (ms)

{rown normal SMI.

Figure 14.

TIME (ms)

~—— SAMSON
DCT-2 DATA

o 1 " 1 1 i : )
o - ™~ (o] A
("dW) 8SIHLS TYWHON

Invert norm~1 SMI.

Figure 15.

T e ek 2 il




e PPN PN D 9 T v s

VA R

1.

2.

5w g, R YNGR ST 0 2 AP < AT

REFERENCES
Bartel, H. 0., and Cole, D. M., “User Manual for SAMSON and Family,"

AFWL OE-TN-74-009, Air Force Weapons Laboratory, Kirtland AFB, New

Mexico, 1974.

Timoshenko, S., and wWoinowsky-Krieger, S., “Theory of Plates and
‘shells,* Second Edition, McGraw-Hill Book Co., New York, 1959.

e




SUMMARY

FINITE ELEMENT DYNAMIC ANALYSIS OF THF NCT-2 MODELS, by Barry L. Bingham,
This report discusses a quasi three dimensional finite element analysis of a

horizontal buried missile shelter.
clude lonqgitudinal bending.

The analysis examines axial response to in-
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MX BASING DEVELOPMENT DERIVED
FROM H.E. TESTING

Donald M. Cole

ABSTRACT

The large size testing associsated with the buried treach, horizontal and
vertical shelter basing concepts is evaluated for its role in the developwent
of structural desigﬁ concepts. The major impact of the testing was in general

to revise baseline concepts and to develop confident design and analysis pro-

cedures.

KEY WORDS: MX, BASING TECHNOLOGY, STRUCTURAL RESPONSE BLAST AND SHOCK
TESTING, REINFORCED CONCRETE, SOIL-STRUCTURE INTERACTION
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MX BASING DESIGN DEVELOPMENT DERIVED FROM H.E. TESTING?

By Donald M. Colel, M. ASCE

i
|

INTRODUCTION

From the early 1970's to the present the Air Force assisted by the
|

De fense Nuclear Agency has conductéd an intense study of the suitability of
protective basing concepts for the gﬁ missile {and required support equipment)
for conditions of nuclear attack. fhis paper will concentrate on large size,
high explosive field testing, which?was only one aspect of the overall Muclear
Hardness and Survivability Program} that supported the development of an MX
Weapon Systam. After a brief pr;sentation of backgrcund information, the
large size field testing associaéed with the first-~three of four basing
concepts will be analyzed to détermine if fundamental assumptions for
" gtructural loading and response vefe confirmed or altered. These fun&amental
assumptions become ryitical when tﬁey define the design requirements  for the

Frotective structural concept. The first basing concept will be treated in

detail and the remaining concepts surmarized.

dPresented at the April 1981, ASCE National Convention held at las

Vegasa, Nevada.
iResearch Structural Engineer, Civil Engineering Research Division, Alr
Force Weapons Laboratory, Kirtland Air Force Base, New Mexico.
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In many cases, the large scale testing and associated analysis iInfluenced
requirements for supplemental research. Where appropriate, the interaction of

the large size testing and the supplemental research will be discussed.

BACKGROUND

Until October 1981, the Air Force concentral':ed MX bnsiﬁg studies on
concepts relying on dispersion and deception in addition to hardening to
provide survivability for the weapons system under conditions of nuclear
attack. This strategy included considerations of current and projected Soviet
capabilities, long range U‘nite& States goals for Strategic Arms Limitations
and the United States defense i:olicy of meintaining a survivable “Triad”
atructure of nuclear sgtrategic forces. Fotb,grestet detail on the coomplex
issues affecting this strategy, references 2, 27, 28 and 29 are recommended ‘as

a starting point.

The chronology of basing concepts and ‘associated large size testing is
given in figure 1. Initially the conti{nuously hardened burlied trench concept
was selected from the mauy concepts considered by the Alr Force for intensive
analytical and experimental study. Racognizing that the trench concept
contained substantial technical risk, a system of discrete horizontally
aligned shelters connected by a uurfgce road network was chosen as a back~up
basing mode. large size field testing on astructura) elemeats of both basing
éonccptn ﬁegan in April 1977 and continued to October 1978. The change to a
vertical shelter concept 1in 1978 resulted largely from cousiderations of

survivability, economy and from public interface issues associasted with land
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withdrawal. The change to a verifiable horizontal shelter concept in late
1979 reflected increased emphasis on SAL negotiatiocus.

While this paper will focus on the technical issues associated with
design and a.nalysfs of the protective structures, it is important to remember

the dominant influence that international politics, public policy and opinion

ey ANE MATOR Fawrarscy pg.rr.f,
a—besirg-roreeps

and economic ccmsiderations{xave on the design of .

BURIED TRENCH BASING CONCEPTS

As 1nitiélly conceived, the bduried trench was actually a set of shallow
concrete tunnels each approxiﬁﬁtely twenty miles long and each containing a
single mobile missile protected by a blast plug both fore and aft (figure 2).
This *rain of vehicles would change location frequently so that the entire
g:unnél length would have to be t;ntgetéd with weapons to assure destructiom of
the migsile. The number of tuﬁnels and tunnel length were determined based om
estimates of the number of warheads available to an attacker. The tunnels
were planned to run roughly psrallel to each other along the valleys selected
for- basing, and were m.:t interconnected. The lateral spacing between' tunnels
(St) was selected based on nuclear weapons effects counsiderations so that’no
single veaponb could significantly damage more than one twmnel. Followix;g an
"attack, a surviving launcher wculd erect the missile cannister by breaking out
through the roof of the tunnel and pushing through the soil o’veltbux;den; and

would then launch the wmissiie.

Since thousands c¢f miles of tunnel construction would be recuired, use of

£

highly automated construction techniques had to be anticipated in the design of
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the tunnel structure. This requirement coupled with direction to minimize
construction costs, led to a baseline structural concept with constant wall
thickness and rib dimensions and using fiber rather than conventional rein-
forcing for rapld automated coustruction. This inicial baseline configuration

18 shown in figure 3.

At the beginning of the validation study on the buried t.rench. concept, a
number of 1issues were idenf.if‘ied as significant to the adequacy of the
conce pt .  These are listed in Table 1. The large size testing discussed in
this paper primarily addresses structural loading and response issues. The
impact of this testing and associated experimental and analytical efforts was
‘prin‘cipslly to force changes in the conceptual design.

The first two large size test (T-1, T-2, f'igure 1) were designed to
provide very fundamental information on loading and response assumptions used
in the concept definition process. Designs for the test articlesi were derived
from the base‘line.’ configuration of figure 3. Since model mchanicalt blast
plugs were not yet developed, siﬁple concrete masses were used to examine the
fm)damgxxtal behavior of trenéh-—plug interaction.

Under envisioned attack conditions, breaching of the shallow tunnel
structure was thought to be a likely event. This would occur i{f the crater
formed by the attacking weapon intersected the tren& structure. When this
occurred, radiocactive plasma would enter the trench and generate a ;hock
ruaning though the tunnel structure. The amount of energy that would be
injected o coupled into the trench w;as ucknown and analytical es‘timtes
varied substarntially. Similarly, quantitative estimates of the attenuation of
this flcw could not be confidently estimated without substantial experimental
daé. The Defense Miclear Agency (DNA) uﬁdettook the task of providing an
analytical and experimental program to define the coupling and attenuation

6
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processes. In the absence of a well defined shock enviromment within the
trench, the first large fleld test (T~1) was designed to develop structural
loading and response data for a known internal shock enviromment. In addition,
analytical techniques for predicting loading and response were evaluated and
revised for use as results from the DNA internal environment definition
program became available.

The half-sized T-1 test is described in figure 4. The test modellclosely
resembles the baseline shown in figure 3 with some notable exceptions. .First,
the model was precastvin 6 meter long sections and joined on the test site
with a form of bell and spigot joint. This procedure was chﬁsen over the
automated cast 1in place construction envisioned in the baseline to reduce
modeling costs and‘to improve quality control for construction and placement
of instrumentation. Unfortunately, the presence of this joint did igfluence
both loading and response and was redesigned for later testiﬁg. Orher
exceptions includeu elimination of the running surface and alteration of the
details of the upper 110° of the cylinder (a series of interlocking panels
to facilitate breakout of the missile after attack). The design of an
economical structure which would resist external nuclear environments and
provide for easy breakout of the missile post atfack was not entirely a
straightforward problem and other approaches .éould be proposed and tested
during concept development.

The major contribution of T-1 was to provide dara on the response of the
trench structure near the plug. At the face of the plug, the shock flow is
abruptly halted resulting in very large reflected pressures. These large
‘pressures, in turn, rapidly accelerate the expansion of the tunnel.

Understanding this expansion response was Important for two reasons. First,
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the duration of the high reflected pressure was significantly influenced by
both the rete of expansion and the subsequent time required to expand to the
point where the gas trapped in the trench could wvent to the ocutside. This
process determined the form of the pressure time higtory on the face of the
plug and the resulting ax{al loading transferred by the plug to the wall of
the trench structure behind the plug (figure 5). The second important
consideration was the behavior of the trench wall at the rib engagement
location of the plug. Circumferential shear failure in the wall would limit
the expansion of the wall around the plug and prevent disengagement of the
plug. Otherwise, the shock could penetrate around the plug and destroy the
missile, and the plug itself would be propelled toward the missile la,uncher.
Test data confirmed the general predictive capability for shock loadlﬁg
on the plug and expansion of the trench given an incident shock enviromment.
In addition, failure of the trench wall behind the plug did occur as predicted
due to loads coupled into the wall from the plug. However, the trana‘verse
bell and spigot Joint behind the plug appeared on post-test eéxamination to

have played a role {n the wall faflure and this Jjoint was not modeled

explicitly in the preteat one-dimensifonal finite elemsnt analysis. Swmalil

scale static model tests (reference 10) conducted Just 'prior to T-1

demonstrated wall fallure in the absence of transwerse joints at loading well
below the peak dynamic loads of T~1, Based on the static data and subdsequent
analysis of the T-1 configuration (references 20 & 13), fallure behind the
plug 18 attributed to the magnitude of the plug leading, the eccentricity of
the load application (at the ribs), and the preserce of the longitudinal

joints separating the 110° arc roof panels from tye remsiniug trench
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structure below. Hhéle the transverse bell and spigot joint appeared to
influence the behavior at feilure, it is not believed to be 2 primary cause of
failure.

The response behavior at the front of the plug also diffeied from
prediction. Expansion of the wall adjacent to the plug was expected based on
tw—dinnni&ml analysis of a crocs-section of tl;e trench at the face of the
plug {rueifvrence 20). This expansion did occur from the face of the plug back
. to the firslt emaged‘ rib. At this point the trench wall failed cifcmfet—
entially limiting the zone of expanni‘on. 'mé failure wss attributed t‘o a
combinstion of shear due to .expannion and te.nnion from the piug loading. An
additional flactor may have been the extremely close fit of the plug with the
treach structure. The plu‘g vas cast directly against the trench wall
separated only by a coat of paint to prevent bonding. This consideration
influenced a redesign of the cast in place pllﬁga for T-2.

The second major contribut:lo_n of T-1 was to provide data oun the
interaction of the trench ribs with the internal airblest. This interaction
couples loading into the trench wall which outruns the airblast and a~Tiwves at
‘the blast plug prior to arrivel of the airblnlt; in addition, the secondary
shock formed by the collision of the airshock with the ribs i{s strong enough
to 'perturb the main shock flow in the trench. The primary affect is to
convert kinetic energy in the flow to enhance the static overpressuve and
‘aubcequcntly td accelerate expansion of the trench. This effect is ultimately
important to the designsr becauvse of its reduction of the loading measured at
the plug; The rip loading coupled into the wall {s signlﬂcant if it reduces
the effective capacity of the wall to msiat plug loads.

T~1 pretest analysis indicated that loogitnxdin;l compressive strains of
approximately 800 pd due to rid loading wouid arri=z at the plug prior to the

16
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airblast, reducing the remaining capecity for plug loading to approximately
twvo-thirds of the unlosded wall capacity (figure 5). Although blast pressure
data recorded in T-1 confirmed pratest analysis of the rib shock interaction
process, the longitudinal data showed substantially lower cutrunning strains.
Maxigum outrunning compressive strains of 150 & were recorded in the trerch
walls and no clearly observable outrunning was evident in the roof panels.
Again, th; transverse joints were suspected of influencing test results.
Subse uent analysis would show that the shock propagation was slowed by the
joints and later testing yould provide higher measured wvalues of outrunning
strain. However for T-1, outrunning strain was not a significan;,factor in
response.

The T-1 test established the fundamental aspects of loading znd response
behavior for a known internal environment. It alaé razised questions about the
capability of the baseline design to react plug iogding. This data was
particuiarly important as it came at a time when system plannzrs had just
altered the baseline design to reduce projectaed aystem‘€0$:s.

Late in 1976, the oprogram office for MX development (The Space and
Missile Systems Organization or SAﬂso; now the Rallistic vHiasile Office or
BMO) convened a "Blue-ribbon Panel™ chaired by Dr. Newmark of the University
of I1linois to review the baseline concept desizn. This panel considered only
transverse response frrm external 1loads, and, baagd on the informa.ion
presented them, the panel concluded that the de§ign was excessifely
conzervative. Early in 1977, SAMSO initiated a 90.day study to define a less
conservative base line. The Air Force Weapons Laboratory (AFWL) participated

in the study and based on experimental and analytical etudies recommended

17
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against reducing the baseline capacity (reference 3). Despite this
recommendation, an alternate bageline was adopted {in May 1977, which was
identical to the original baseline except that the wall thickness was reduced
by one-third to ten inches (254 =m), the amount of fiber reinforcing was
reduced by three-quarters to one~half percent, and the nominal concrete
strength was increased from 6000 psi (41 MPa) to 8500 psi (59 MPa). Refer to
figure 3 for the original baseline design. The decision to change the
taseline came at & tize when the test model construction for T-1 was al;.'eady
complete. To change the wall thickness ror T-2 ‘would have required thg
fabrication of nev‘fom and would have substantially delayed the test. As a
result, T-1 was conductea as planned and ouly three changes were wmade to T-2.
The concrete strength was increased and the steel fiber percentage was reduced
to wmatch the ‘nev baseline values. Also, the roof panels were elifninated 80
that the u:ructufe could be cast as a continuous cylinder. This last change
reflected a revised éstinate of breakout tequiréuents,and"capa.bilities’.
Although the data from T-1 was not expected to be available in’tine to
27rer the design of T-2, recommendations based on T-1 rmsults were included in
a redesign of the blast plugs fcr T-2. The number of ribs engaged vas reduced
to :wo to conform with current mechanical plug design conéeyts and the design‘
of the Ttib engagement was altered to prevent the cast 1in place plug
c;mstruct:lon‘fro- influencing expansion and wvall failure at the ﬂ.b engagement .
The half-sized T-2 test is described in figure 6. As with T-1, the major
“ emphasis of the test was to obtain fundamental loading and respouse data.
However, T-2 incluied the simulation of the externsl airblast enviroument
wvhich would accompany the internal envirooment during an attack. This

external environment, unlike the internal envirorment could be relatively well

18




——————————
ey s BT TR
,:u.x,..,.i:»iﬁ%ﬂm,.a.:&.; TERERLT

PN

Bosvena o,
E - B

NOUVHMOIINGD

WvL3a SMd 3H04
1S3l Z-L "9 3yN9id

FUNSOTIONI
—VHIAVD

v 7 5 T
- . [ . )
hd N . . LRy L . .
3 . by T % i ‘4 .
e AL
e 1 i S 3
P . ..

GINIOP 400N ZSUIASNYVUL ON @
SLNIOP THIGNLISNT ON @

(odn 65) 18d 0S8 » 2 @

U

)

| _ | u3Gid % /=)
" j-L SV AMLBNOZ9 TAVS
NBIS30 NOILDES HoHsul

o
—

NIVWIHIS 1S3l

u>_mo.#mxwl\
(1S3H) 3NDINHOIL NOLLY IS 3AISOdX3 HOIH

HOIVINWIS 1SVISHN TYNNILX3



characterized for a given attack scenario. Th2 major effects of this external
environment were to offer restraint to the trench expansion ahead of the blast
plug region and to ‘provide external loading resulting in displacement xud
deformation of the trench structure behind i:he blast plug. ‘Anéttuer, important
effect of the external loading was to reduce the longitudinal motion of the
trench (due to intermal rib and plug loading) by ir;creasin‘g.the longitudinal
shear resistance at the soil-structure intérface.

In addition to examining the importance of external loading, the».study of
trench-plug interaction in T-2 was continued. While contractors for SAMSO
were developing mechanical blast plug designs to attenuate the loading appiled
through the ribs to the trench wall, the T-2 test examined basic rib shear
behavior and the concapt of ; simple two plug systam to attenuate internal
loads. In this dual plug concept, the first plug would couple the full
internal loading into the trench structure forcing rib shear and/or wall
failure in the tegion.becveen »the two plugs. The bulk of the energy .-
associated with the internal shock would be dissipated first through inelastic
damage to the ribs and trench wall adjacenr to the first pluglgnd between the
plugs and finally through venting from thLe damaged trench. The second plug-
wourld see much reduced ivading and could safely protect the missile and
iapncher. ‘ |

Pretest analysis for T-2 (reference 22, exanine;l the longitudinal re-
sponse of the trench. This analysis gave the first estimate of the importance
of shear resistance at the soil-atructure interface to longitudinal respcunse.
Three calculations wera performed to predict the longitudinal response of the

trench wall behind the plug due to loading from the intermal airshock. The

20
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firat was a simple single degree of freedom calculation as shown in figure
7a. The mass used was the mass of the fore plug and the stiffpess was based
on the trench wall between plugs. The force time hi#tory was simplified from
the predicted loading on thne plug but matched peak force and total impulse at
20 ms. The resulting peak force in the spring was 190 MN (43 million 1lbs).
The second calculation was a one dimensional nultiple degree of freedom
analysis described 1im figure 7b. This analysis represénted each of the
fourtzen 6 meter trench sections with four masses aund springs. Mass and
Qtiffness values were increased at each plug location so that the plugs ueré
modeled integrally with the trench sections. The numerical —Talues were
derived in a manner conslistent with the single degree of freedom analysis.
The soil at the downstream end of the trench model was also represented by a
series of masses and springs. Two forms of loading wefe applied. Each of the

21 masseés upstream cof the fore plug was loaded with a force (F_, for the ith

Ri
mass) which represented the drag force of the internal ghock on the ribs. The
magnitude and time of arrival (TOA) of these forces were adjusted for each
mags, but the waveform used was constant as shown in figure 7b. This loading
was derived from the analysis of an axigsymmetric hydrodynamic calzulation of
flow in the ribbed trench. The second type ;f loading was the direct plug
loading applied at Mass 22 which was also auwalytically derived. The multiple
degree of freedom analysis differed from the single degree of freedom analysis
primarily by accounting for the Internal loading and response of the trench
upstream of the fore plug and by accounting for the deformation of the trench

from the rear plug dowastream. The effect of modeling the upstream region was

to generate an outrunning force of 22 MWN (5 million 1bs, 22X of the static

21
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wall capacity) in the upstream wall of the trench pript to arrival of the plug
loading. The more dramatic effect of including the downstream portion of the -
trench was to reduce the peak force due to plug loading in the region between
the plugs to 40 MN (9 =million 1lbs). This 80 pen:‘ent reduction ‘of the force
estﬁmte provided by the single degree of fruedom anslysis resulted b/ allow—‘

ing deformation and displacement of the rear plug and the trench downstream.

- While the results of these two calculations may be taken as bounds on the

axial response of the trench wall between the two plugs, the expected behavior
ranges from essentislly elastic to fallure (based on a calculated static axial
wall capacity of 98 MN or 22 million 1bs). While the rigid downstream
boumiary condition in the single degree of freedom analysis clearly leads to
unrealistically high wall force eatintes,‘ the nmultiple degree of freedom
analysia provides low estimates by ignoring the longitudinal shear forcz v*i_h
develops at the soil structure interface and which resists the downstream
motion of the trench. To gain an improved estimate of bthe influence of this

force, an axisymmetric finite element calculation was performed. The geometry

.of the calculatioa is shown in figure 7c. The calculation ipcluded the entire

test model surrounded by an annulus of soil in the axisymmetric
representation. Rib loading and the internal normal pressure were applied
sequentially upstream of the fore plug to model the loading of the internsal
airblast running toward the plug. 4n appropriately timed pressure time
history was applied to the plug. The external airblast loading was also
applied sequentiall: to Ithe surface of the soil. To metch the test design
condition the arrivar of the external shock was api:roxiutely five =f114-
seconds behind‘the arrival of the internal snock. The interface between the

soll and structure wes represented with a sliding, debonding interface

24
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maws @ woutomo friction model. The SAMSON structure-sedis interactioa code
use * in the analysis is described in reference 1.

Using inurngl loading and material properties coonsigstent with the
previous two calculations, the finite element cslculation predicted an
outrunning wall force of 5.8 MN (1.3 aillion 1lbs) compsred with 22 MN (5
million lbs) ia the multiple degree of freedom analysis. The peak wall rorce
immediately behind the plug was predicted to be 95~115 MN (21.4-26 million 1lbs)
compared to 40 MN (9 milliom 1b:) in the multiple degrse of freedom analysis
and 190 MN (43 million 1bs) in the single degree of freedom analysis. Since
the soil stress due to the external airblas!: enviroonment attenuates rapidly
with depth in the dry sandy soil, the effect of external shear was over-
emphasized in the calculatlou. Ahead of the plug, this shear force acts to
attenuate ridb induced loading while close dehind the plug f{t tends t;> {-crease
the wall stresses due to plug loading. This error was not considered to bde
too significant Secnurje the five millisecond delay in external loeding in
general caused the effects of the exterual force t! appear only after the peak
longi tudinal strain haa occurred. Post test analysis revealed that the actual
internal environment was different from the values used in the pradictions.
The peak pressure was slightly high, but wvithin tea percent of the value used
in the predictions. However, che impulse delivered to the piug during the
first twenty milliseconds of loeding was thirty percent low and the delay
between {nternal and exturmal shock froants vas only 2.6 ms. Forces i{n the
trench wall were calculated from experimental straia data using standard test
day awaterial property deta and the approximtion of élutlc behavior. The
out-running force derived by this wethod (reference 14) vas 30 MN (6.7 willion

1bs) while the plug inducnd force was 76 MN (17 millfon }bs). Comparing the

26
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1
experimental results with the pretest calculations was not entirely straight-

forward. The reduced inpuln? was shown to have significantly reduced the plug
induced loading 1in the wall. The source of the higher than expected out-
running strain could oot bz: directly traced, but it appeared to have been
b .
affected dy shock loading f?.oupled directly into the wail by the explosive
driver and not modeled in the analyeis.
However, the most sign‘fiuntv result of the compariscc of the experi-

|
mental dats with the c‘llculajtim wvas the confirmation of the external shesr

loading as a major contributor to the longitudinal response. The measured

wall response to plug lo.di‘jng was almost twice the value predicted in the

\
multiple degree of freedoajnnalynis despite rhe reduced experimental plug
loading. The results wer: far more closely represented by the finite element
analysis including longitudinsl shear effects.

i

The results of the axisymmetric analysis were also used to predict that
rib shear would occur at thef fore plug. The ribs were not modeled explicitly
in the calculation. hthér, rib cthear was inferred by comparing the
celculated force trunnitted%by the plug to the wvall with a calculated static

| . '
rid shear capacity. The calculatfon also indicated expansion of the trench

wail along the nide of the %ote plug up to tha first engaged ridb where shear
and flexural failure of the wgll would occur.

A tvo-dimensional plane strain analysis of a transverse cross section of
the test model under external loading was performed using the SAMSON code.

The geometry of tha calculation {s shown in figure 8. Based on the resultas of

this calculation collapse of the region between the plugs aud bdehind the

27
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second plug due to exterval loading was not expected. However, local wall
failure (councrete crushing, substantial cracking) at the 'crovn, springline and
invert associated with transverse bending of the cross section ia the prinfy
bending mode was predicted.

The actual T-2 test resuits in general confirmed the predicted results
(references 22 and 14) with some exceptions. The wall adjacent to the blast

plug did expand and the plug sheared both engaged trench ribs and the next ribd

back, before coming to rest on the second rib past its original position. The .

concrete rid engagements on the plug {tself were geverely damaged. Blast
pressure measured in the region between the plugs showed that low level (25
psi vor 180 kPa) pressure did get past the first plug. The external airblast
loading did cause local wall failure at the crown, invert and springline in
the region between the plugs and bdehind the second plug as predicted.
However, the ;vall damage 1in the region between the plugs was sufficient to
cause collapse. In addition, external load dasmage to the region behind the
second plug was extensive and this region appeared near collapse (figure 9).

After the T-1 test, a substantial change in the baseline design occurred.
Instead of providing a uniform design for the eutire twenty mile trench
st:jucturé, the new hybrid concept provided a series of haxdened parking
gsegments connected by a soff tunoel structure. The capacity of the hardened
regions would be substantially increased when compared with the concepts
tested to date.

The analysis of experimental data from T-1 and 7T-2 made aignifica;:lt
contributions to the decision to alter the baseline. The first contribution

wag to clari{fy internal ioading bLehavior. The two tests provided a basic
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EXTERNAL DAMAGE
AT REAR PLUG

COMPRESSIVE FAILURE
AT SPRINGUINE
( BEHIND REAR PLUG)

- FIGURE 9. POST TEST DAMAGE NEAR REAR PLUG
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description of the loading coupled into the treach near a blast piug for
simplified plugs and a known incident internal sirshock. Comparisons ¢f
calculations with experimental data confirmad the ability of analytical
methods to provide reasonable estimates of loading, accounting for 1local
effectc of rib attepuation and wall expansion. However, the far more
difflcult job of predi-ting the incident internal enviromment which provides
the initial conditions for the loading calculations was not yet conplet'e. For
a more coaplete description of the probdlems associated with calculating
initial coupiing and the effect‘s of upstream attenuaticn see reference 26,
Regardless, using the predictive techniques evaluated in T-1 and T-2 and the
best estimate incident enviromment, it was clear that significant outrunning
strain could be expected from aitblast loading of the ribs and substautial
load attenuation Qould be required from the mechanical blast plugs to prevent
rib shear or wall failure in the trerch.

The second countribution was to provide basic data on the behavior of the
trench in rhe region of the plug. In T-1, wall expansion was stopped at the

first engaged rib through a combined shear and tension failure »f the wall.

Since the cast in place construction of the T-1 plug was thought to have’

influenced the wall fallure, the design of the T-2 plugs was revised. In T-2
substs 1tial wall expansion alongside the plug did occur, but not enough to
completely disengage ribs or to allow substantial pressure nenetration behind
the fore plug. Th.ree one~thirteenth size dynamic tests conducted by AFWL's
Civil Engineering Research Pacility also indicated that wall expansion would
limit rib engagement (reference 11) and that a reducticn of fiber percentage

from two to one-half percent significantly lowered the energy dissipated in
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rib shear. The models tested had wall dimensions scaled from T-1 and T-2
designs and used mqinal 8500 psi (59 MPa) concrete. In all tests, substan-
tial rib shear, wall dasmage and pressure penetration beyond the plug due to
wall expansion were experienced. In addition, a quarter-size test of a
mechanical blast plug concept developed the Martin Marietta Corporation was
conducted by the AFWL as a precursor to the “1'-5 event (reference 4). The
trench response In this test produced a catastrophic failure of thg trench-
plug system. The wall design was essentially scaled from T-2 with dne-half
percent fiber vreinforcitg and a desigﬁ concrete ntrenéth of 8500 psi (59
MPa). The rib dimensiouns and spacing were altered to match the Martin

Marietta plug design. Failure in the test was initiated when the outrunning

compressive shock ip the .rench wall accelerated the trench wall downstream

with respect to the plug. At the arrival of the internal airshock at the

first "engaged rib, the outward and downstrezm motion of the trench wall

provided a gap for pressure penetration to the region between the two engaged

‘ribs'. Subsequent expaunsion »f the trench wall adjacent to the plug occurred
80 quickly that the first rib was never engaged and the effective capacity of
the second rib was reduced. - The plug translated approximstely 1.26 =, shear-

ing ‘two downstresm ribs, before coming to rest. As a result of the larger and

smaller size testing and associated analysis, the behavior of continuously

herdaned baseline concepts in the region of a blast‘plug was determined to be

unacceptable. The smaller size testing in particular had demonstrated
problems with expansioo under internal loading. In addition, the results of
T~1 and T-2 had raised comcerns with the mechanical plug desigmers for the

capability of fiber reinforced concrete ribs and wall sections to react the

32




anticipated plug forces. With the shift to the hybrid “"Hardened Aim Poinc
Concept,” ‘bsseline designs would have substantially increased capacity, not
only to resist expansion, but to accummodate plug forces as well,

The third major contribution was the demonstration in T-2 of the damage
that might be expected from external loading in the lightly fiber reinforced
trench. This confirmed the severe damage behavior observed with one-sixth
size models added to the S-1 and $-2 tests. In the S-2 test, side-by-side
comparisons qf original and alternate baseline structures indicated that while
both models had substantial damage, the thinner wall alternate bpaseline
suffered the most severe damage (reference 21). The amount of deformation of
the cross—-section was substantially larger than predicted in the pretest
finite element analysis. This discrepancy highlights the difficulty of pre-
dicting behavior wben material fallure occurs but pricr to collapse. Exten-

sive improvements to constitutive models and numerical techniques are required

to model this behavior accurately. Providing the capacity to resist external

loading for the region where the missile launcher would be parked wouid
continue to remain a concern. Solutions would have to accommodate missile
breakout and launch requirements., A suitable design concept had not been
demonstrated at the time the preferred basing m»de was changed to the vertical
shelter.

The main objective cf both the T-3 and T-5 tests was to demonstrate the
performance of the mechanical blast plug designs developed by the Boeing
Company and Martin Marietta Corporation. The test configurations are shown in
figures 10 and 11. PFor the concrete tremch structure, the most significant
aspects of behavior were the response of the hardened sections to plug induced

loading and the response of test sections behind the plugs to external loading.
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Por . the half-sized T-3 test, model trench sections were already under
construction when the decision to change to a hybrid baseline was made. The
test structlute originally would have modeled the alternate baseline
configuration (full size wall thickness = 10 inches or 254 omm, f; = §500

pai or 59 MPa, one-half perceat fiber reinforcing). The test was modified by

‘using the already constructed alternate haseline models to represent the soft

connecting tunnel and by constructing two hardened sections to model the plug
engagement location (Sections 13 and 14, figure 9). The reglon where the
missile would park was not modeled, but alternate baaéline sections were
placed behind the "nardefxeo section to react the longitudinal stress created by
the internal loading. The hardened section contained two percent couaventional
reinforcing in both the longitudinal and circumferential directions. The test
day concrete strength averaged approximately 70 MPa (10,000 psi) in soft
c;)nnection reglons and 67 MPz (9700 psi) in the havrdened region. The
connection between soft and hardened regions was designed to 1limlt shear to
reduce wall expansion at the plug engagement iocafion. The design of the
hardened region was straightforward in all aspects except for predi:=ting the
shear capacity of the ribs.

The method proposed by the AFWL was empirically derived and fundamentally
based on a study performed in 1973 for SAMSO (reference 19). Specimens were
loaded quasi-statically to failure. Concrete strength, shear reinforcing and
normal confining stress (o’u) across the shear plane were varied during
testing. Experimental data 1s shown In figure 12 along with the recommended
analytical expression for maximum shear stress (tmax)' This expression 1is a

summation of three terms representing the coutribution of the concrete, the
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confining stress and the steel sheax; reinforcing. The third term is identical
to the .Anerican Concrete Institute shear friction formulation (ACI 318-77,
reference 18). At the AFWL, the first term was revised based on the static
rib shear data in reference 10. The recommended axpression 1s:
me =- .1 f; + 1.4 (g, + Asfy/Ac)
where A. = cross-sectional area of shear reinforcement across the
shear plane

Ac = cross—gsectional area of concrete along the shear plane

o’n = externally applied confining strese normal to the shear

plane
*

¢ = unconfined compressive strength of concrete

fy = yield stress of shear feinforcement

The above expression was developed after the T-3 design was finalized,
and predicted that the design would bave a margin of safety ex-eeding sixty
percent. During the test, although the fore plug attenuation aund sealing
mechani sms did not perform as expected, the trench section did not fail under
expansion nor was rib shear & problem. Because the fora plug was not totally
effective, the region btetween the plugs experienced a‘pressure pulse with a
peak of .85 MPa (125 psi) and relatively lung duration of 240 ms. This was
successfully resisted by the aft plug, demonstrating t-2 value of a dual plug
concept.

The T-3 test provided the firat experimental data for large size models
of the continuously hardered alternute baseline desigr for conditiona of

external loading. Based on numerical analysis (reference 23) and the
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experimental data from T-2 and smaller sized component tests (reference 7),
ccllapse of the thin wall region behind the hardened blast plugs was not
certain, but appeared likely. The difficulty in predicting damage states when
substantial cracking and crushing occurs has been discussed. To improve the
performance of this region, the backfill stiffness was 1ﬁcreased by compacting
the backfill to a minimum dry density of 2000 kg/m> (125 lbs/ft’, 95 of
maximum density as determined by ASTM D-1557, Modified Proctor Cbmpaction
Test). This value compares with 1760 kg/m3 (110 lbs/ft3) for tle tackfill
used in T-2 and also for the insitu soil. However, failure planes bhetween
compacted 1ifts of backfill reduced the effective stiffness observed in the
test. As a result the effective constrained modulus for the T;S backf{1l was
approximately the same as for the insitu scil and approximately twice that éf
the T-2 bacwkfill. Both theory and previous experimental data established that
the stiffer soil wouvld reduce the effective loading and the resulting:damage
associated with the external loading. The actuallteat proviéed interesting
results. Substantial 1ocal crushing and ~racking ‘did occur, and plastic
hinges were formed at the crown and invet as well as at the longitudinal

% either side of the crown) and at 30° below each

separato. Joint (55
springline. Surprisingly, the strutturgs did not collapee 1ﬁmediately.
Movies taken during the test show the structures moving to peak response ( 20
me) and recovering. When the light fails at 200 ms the structﬁtes were still
standing. However, the structures had extensive damage and were  only
mmrginally stable with six complete hinges formed around the circular

section. At abour eight seconds after test detonation a wery low level

groundshock was caused by fall back of the loose soil overburden which had
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confined the explosives for the external loading simulator and this was
sufffcient to collapse the atructures (reference 15).

The T-5 test was similar to T-3 not only in objectives, but also in
results. Although the Martin HQriecta Corporation designed bdlast plug w;s
substantially different in approach arnd design when compared to the tvovplug
Boeing concept, it also experienced difficulty with sealing and attenuating
the internal loading environment. In addition, ulthnugﬁ T~5 included test
sections, behind the blast plug, specifiéally designed as wmodel parking
regions for the missile, the inappropriate design of 2 longitudinal breakout
joint led to the failure of this region under external loading.

As with T-3, the region of plug engagement was specifically designed to
acconnodut-:‘ the Martin Marietta plug design. T-5 \'n.s a three-quarter size
test and the wall thickness in the plug engagement region was 457 mm (18
inches) ard contained 1.5 percent reinforcing longitudinally and 6.75 percent
circumferentially. The plug engagement ’regioq performed satisfactorily
despite :h; higher than anticipated loading transferred to the rib when the
shock absorbing mechanical engagement arms on the plug bottomed out‘(refer—
ences 16 and 24). The first engaged rib was observed to have crushed
longitudinally 80 te 100 mm at the forvard face, howvever no evidence of
significant rib shear was seen. The second engaged rib did show shea:r damage
between rails at the invert where the innar hoop reinforcement {s not
continuous, and minor cracking and spalling of coacrete was seen at other
leccations. The plug did zemain engaged and cracking due to expansion was very
minor. Despite the larger than anticipated plug response and some pressure
penetration, performance of the plug and treoch combination appeared to b§

within the required liamits.

A0



.The behavior of sections behind the plug im response to external loading

was not nearly as successful. The teat region behind the plug actually

incorporsted two separste designs for hardened parking locations for the

misgile launcher. Requirements to minimize cost and to provide a design which

would allow the launcher to break out through the roof of the trench after an
attack, lead to 1lightly reinforced section designs with marginal capacity to
resiat‘ex:emal loading. The thimmer wall section (190 mm or 7.5 inches) had
one percent conventional reinforcement cfrcumferentially while the thicker
wall section (330 ma o;' 13 inches) had 0.7 percent. To allow breakout, the
circumferential rehar design for both sections contained short (80 mm or 3

i{inch) splices at 55° either side of the crown facilitating tensile failure

of the wall at that location under the erection loading. Similar designs

showed satisfactory performance in smaller efize testing (reference 7);

however, in T-5 this detail prowved inadequate to resist the flexure occurring
"at that location resulting from fnltfal external lc.;»ading of the crowmn., The
splice on the.out'er rebar separated in tension forming a longitudinal crack on
the outer surfsce. The wall capacity in sheer was then 1nsuff1c£ent and the

entire rootf between splices punchad through as a rigid pilece. later testing

znd analysis of Jjoint sections wnuld provide romvauitablé Joint designs,

however the trench concept would be abandoned as a basing concept bhefore

cand{date designs could be evaluated,

HORIZCNTAL SHELTER CONCEPT

This hasing concept is easentially comprised of a saries of br;zantnl
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bermed shelters comnected by a surface road network. A single wehicle per
missile served to shuttle the missile between shelters as well as to erect and
launch the missile (figure 13). This coancept avoided the difficulties of
defining in-trench environments and dealing with breakout requirevents. Itv
was cérried through the councept validation phase of system development as a
back-up to the trench concept in the event that tie technical issues associ-~
ated with the tf;nch could not be resolved.

In general, the develop-entl of a design was a strqightforvatd process.
The two major struqtuial uncertainties addressed during large size testing
were ;iefinition of the reflected and drag loading on the structure and the
evaluation of analyticéal methods for loading and response to support design
and assessment of the structure.

The four large size tests are simovn in figure 14. The tests will not be
individually discussed in detail; rather, the overall results will be
summarized. In addition, reference 9 describes the analysis and component
testing which also supported development of this basing wmode. The first three
tests (S-1, $-2, S~3, figure 14) used a Dynamic Airblast Simulator (DABS) to
determine reflected and drag loading waveforms for 0° (head—on), 90°
(sige-m) and 130° oﬂenta;:ions of the shelter with respect to the direction
of propagatidn of the shockfront. The DABS is assentially a large shock tube
of corrigated arch conotruction with a soil cover to reduce early time
expansion of the simulator. This technique reproduces the shock flow and
sﬁbsequently, reflection and drag effects on loading waveforas. One-sixth
size {nstrumented shelter models were used to determine the applied loading

and the fundamental response modes. This data was used to svaluate numerical
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analysis procedures for airblast losding and for structural nespons;. The
final test (S~4) was at one-half size and contained an operational closure and
Scaring frame designed by the Boeing Company (uference 12). This test loaded
only the forward portion of the shelter using a High Explosive Simulation
Technique (HEST) to reproduce the loading wave formas defined by the eaflier
DABS testing and subsequent analysis. The HEST technique uses a thin cavity
of explosives to reproauce a specified pressure time history. For S-4, the
HEST was Aesigned to reproduce the high pressure (30 MPa, 4400 psi) loading
corresponding to refiection and drag gffects of a head-on att#ck. The test
wodel responded as expected with only limited compression damage where the
large headworks ‘transitioned into the smaller tube section. The closure
opened easily after fhe test.

As a result of the first tests the headworks design was streamlingd to
reduce both the magnitude of ]oading and the surface area exposed to loading.
The S-4 gest demonstrated a feasible design for worst case attack conditioms.
The one region where design revision may have been required was the transition
from the large load accumulating hgadworks to the much smaller tube section.
Inelastic response seemed unavoidable unless the tube crossectional capacity
was substantially increased. A recommended alternative was a ductile, energy

absorbing connection at the front of the tube section.

VERTICAL SHELTER CONCEPT

A number of factors influenced the Air PForce decision 2o adopt a

vertically oriented shelter for MX basing. 1In general, the buried tremch
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basing mode was abandoned for both technical and politicel reasons. Technical
concerns included not only the design 1issues discussed abowe but also
uncer;ainty associated with the nuclear‘,envimment c.oupled into the trench as
well as uncer;ainty associaied with the detectibility of the missile during
normal operations and under a low level attack. Political concerns iancluded
cost and 1ssues associated with public acce‘ss to the basing region. The
decision to adopt discret;a shelters included consideration of the enhanced
atructural loading pgenerated by the drag sensitiwe configuration of the
shelter. For the dry deep alluvial valleys considered for basing, a surface
flush vextical sheltgr design would reduce the effective peak blast loading by
as much as a factor of eight and,.an a result, the Mrdne#s and 'éost required
to survive a given threat. However, one advantage of the horizontal concept
was the ability to rapidly move the missile (termed a “Dash” Icapability),
airnc.e the integral transport -and launch vehicle was garaged in thé shelters.

For the vertical concept, the transport vehicle haz to pick up the missile a:

one shelter and unload it at another. As the entire weapcns system desyign

evolved, the requirement for a dash capabilit'y’ was reevaluated and dropped.

With this change in requirements the vertical shelter became the preferred

_basing mode.

Because the majprit‘y of the supporting equipment was designed to be
incorporated into the canpister contgiﬁing the missile, .the shelter geometry
was quite simplified compared to launch facilities for the existing MINUTEMAN
or TITAN missfles. An artist’s concept 18 shown in figure 15. The major
uncertainty in the design process is the longitudinal shear loading due to rel-

ative motion the soil structure interface. The oniy large size test of this
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basing concept addressed the definition of | this shear loading and the
influence that it had on the structural response.

The one-third size wvertical shelter test| is illustrated in figure 16.
Three similar models were tested, two designed to respond without sigﬁificant
damage and one designed to have major longitud]inal compression damage In the
tube wall (reference 25). The reinforcing fo!r all models was one percent
longitudinal and two percent circumferentially, at the headi'lorks, transticalung
to two-thirds percent circumferentially in the tube section. The A and B

models were conventionally reinforced as was the headworks of the C model.

The tube section (lower 11 m of the model) was constructed of plain concrete
|

with reinforcing supplied by an unbonded inner !steel limer. All models were

]

1

cast in place against native soil. |
The test was extremely successful and provided the first experimentally

measured shear loading data for large cast] in place structures. The

structures behaved as predicted with uegligible' damage in B and C structures

and with substantial crushing of the upper val.‘l‘ of the A structure reducing
the overall leogth by 0.3 m. }

The experimental measurements of nomal and 'shear stress at the soil-
perl |
|

structure interface were extremely difficult?ﬁ to obtain and ‘there 1is
considerable scatter 1in the data. The expe!rlmental transducer used s
described in referauce 17. Nevertheless, the b.;aic loading behavior could be
established as well as the variation in loading caused by the post-yield
responge of the A model. As a result of the a;xalysis of this data and the

data from associated smaller scale testing ;(references 8 and 5), the

analytical expression for shear loading developed in the predictioa report
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(reference 25) was confirmed as adequate. The recommended formulation is:

T(t) =pC, V(t); T(r) «T, (o)

where: @ = soil density ' .
C8 = goil shear wave wvelocity
V(t) = relative velocity at the soil-structure interface
parallel to the interface |
| " Vsrr(®) = Vsorn®)

The shear stress calculated by this formulation 18 limited by the shear
capacity of the soil -and of’ the interface ('me). The formulation of this
failure surface is lillustrated in figure 17 and represents an adaptation of an
analytical and laboratory expedmencél study reported in reference 6. Anal-
ysis‘ using this formulation represented the Lasic character of the loading
observecll .experimentally although significant variations were observed. In
general, the loading was well enough characterized to provide confident design
and analy'sis procedures.

Considering only hardness againat nuclear weapons effects, the wvertical
shelter cleariy provided the best basing 3olution of the three concepts
considered. However, as discussedl previously a number of issues in addi;ion
to weapon effects survivability wmust be evaluated In the selection of a
preferred basing mode. In late 1979, considerable attention was focused on
Strategic Ams Limitations and verification of the number of strategic weapons
va s .a major ;onsideration. The Presidential decision was to adopt a
Verifiable Horizontal Shelter Concept as the weapon system moved 1Into its Full

Scale Engineering Development phase.
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SUMMARY

The largg slze testing of structural models associated with MX basing
coucepts played 2 major role in defining the expected loading and respounse
mﬁdes. This data, in turn led to concept design revisions and was used to
develop, refine and evaluate numerical analysis and assessment procedures.
The large size testing was ﬁost valuable wvhen it formed an ;ntegct:ed part of
a combined program including structural component testing and numerical anal-
ysia. Both component test data and numerical calculations were essentlal for
interpreting the complex behavior observed in the large size tests. In addi-
tion, the evaluation of analysis pro edures provided the ?apability to aore
confidenily adapt designs for siting or attack conditions not represented in
the testing. v

The major role of this combined testing and analysis program Haé to alter
and refine preliminary design concepts. However, nuclear hardness and
survivability considecrations are only one of many factors that must be
condidered in selecting or changing basing concepts. The development of a
modern weapons system such as MX involves committment of significant national
resources and influences our national and internatiomal policy. Technlcal

considerations as well as political, must be viewed with this perspective.
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1/5 SIZE VHS SERIES SLAST AND SHOCK SIMULATIONS
B8y Michael L. Noblel
INTROODUCTION

A high explosive test series was conducted in 1981 to evaluate the respective
performance of simulation techniques for Blast and Shock environments; Two tests
were conducted on a 1/5 size Verifiable Horizontal Shelter (VYHS) in the Multiple
Protective Shelter (MPS) configuration. The purpose of the 1/5 size tests was to
compare the effectiveness of a Shaped High Explosive Simulation Technique (HEST)
to the Dynamic Airblast (DABS) technique for Blast and Shock effects simulation
through the response of the test structure before proceeding to the first full
sizé test on an MX prototype horizontal shelter. The nuclear airblast simulation
environment was produced in tﬁe D-1 test through the DABS technique in which, the
dynam1t blast interacted with the target's geometry. The resultant pressure loads
were reproduced by a multipressure-zored HEST in the SH-1 test. A HEST charac-

teristically produces a waveform without the phys1c$ that occuyr due to diffracted

" and reflected shocks. The simulation objective of the 1/5 VHS test series was to

demonstrate the capability of a High Explosivé Simulation Technique (HEST) simula-

tor to adequately duplizate the test structure's input loade., This paper will

- highlight the simulation aspects of the 1/5 YHS test series., The discussion will

focus primarily on the comparisons of the two simulator's lecading waveforms,

YRTeT, FTTects TmuTalion Section, Weapons Effects Branch, Civil Engineering

Research Division, Air Force Weapons Laboratory, Kirtland Alr Force Base,
Albuquergue, New Mexico
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~ BACKGROUND

Defense requirements for the simulation of nuclear weapons effects were
recognized when the Limited Nuclear Test Ban Treaty was signed in the fall of 1963.
Specifically, the Nuclear Hardness and Survivability (NHLS) criteria and assessment
tasks were initiated in desfgning and testing mi]itary structures to withstand severe
nuclear environments. Development of Blast and Shock simulation techniques for
testing defense structures ensued. The Air Force Weapons Laboratory (AFWL) has main-
tained an ongoing research and development program to meet the NH&S needs of present
and future defense systems. In the absence of nuclear blast effects data to deter-

mine a system’'s response, simulation tests using éonventional‘explosives are

lperformed. Two of the most successful for simulating nuclear airblast effects are’ .

the Dynamié Airblast Simulator (DABS) and the High Explosive Simulation Technique
(HEST). |
oass |

| The DABS 1s basically a large expendable shock tube. The explosive driver
chamber contains an explosive charge array placed agaiqstvthe rear wall of either
steel plate or concrete. The driver's chamber {is lined with a steel plate to mini-
mize the amount of debris thrown into the shock-induced flow by the explosion. Upon
explosive driver initiation the hot gases flow down the tube forming a shock wave in
the a{r of the funnel. The tunnel section confines the shock wave, The wave propa-
gates down the tube to the target section where the test structiral model is sub-
- Jected to the specified waveform. A tube runcut section is normally required past
the target to prevent the post shock rarefactions from linftfng the simulation time
of the air shock's positive phase, A DABS can be constructed in several cross-

sectional configurations, preferably, efther a full circle or hemicylinder tube,l
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HEST

The typical HEST consists of explosives arranged within a planar cavity of air
or foam which is confined by soil overburden. T7he target section (§tructure) is
placed in the ground, either surface flush at the bottom face of the cavity or buried
in the test bed. The explosive array can bhe initiatad either simultaneously or
sequentially. Initiation in the vertical direction will produce a near-instantaneous
spike while horizontal initiation will produce a sweeping wave., Either can be tuned
to achieve the appropriate ioading signature required on the test structure. Also,
the distribution of explosives within the cavity can be varied for the specified
pressure profile lcading effect. The overburden covering the explosion cavity serves
as a tamping agent to contain the'high—pressure gases created by the explosives and
to tajlor the simulation time of the experiment. A HEST can be constructed in any

size or pattern necessary to obtain the desired simu]ation.l

Originally conceived, the HEST was not thought to be useful for test articles
sensitive to dynamic pressure loads associated with the flow behind a nuclear shock
front, However, the 1/5 YHS test series work has shown not only the feasibility but
the application of using the blast overpressure from a specially des1gned'HEST to
approximate the dynamic and reflected shock loading on above ground structures. If
the structural loads are known for a particular dynamic airblast env1ronmeht, either
from calculations or from previous experiments, a HEST can be designed to reproduce
those loads. The nuclear airblast simulator used in the SH-1 test was a recently
developed variation of the High Explosive Simulation Technique (HEST) which has been
used in the past. The variation, called *Shaped-HEST," presumes krowledge of the

airblast waveform which is to be applied in several regions on and about the targst

structure,

e
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HEST simulators possess a distinct cost advantage over other nuclear afrblast
simulation techniques such as, free-air conventional explesives or the Dynamic
Airblast Simulator (DABS). HEST is at least an order of magnitude cheaper than these
other methods, but one must be willing to accept the dominant nonsimulation offects.
A HEST {s designed to generate nuclear shock-front‘overpressures uithput the dynamic
winds norna]]y associated with shock propagation. Therefore, it is not possible to
use the HEST in examining the shock flow phenomenology of shock interactions with
structures. Once again, If thfough previous tésts or calculations, the dynamic
airblast loading can be specified, then the HEST may be used to simulate this loading
Just as though it was an 1nc1dent‘overpre§sure. The ajrblast waveforms, which were
applied in designing the multizone SH-I test, were established using data from the
D-1 test's loads and earlier bABS‘dévelopwental tests.

TEST SERIES CRITERIA

The Blast and Shqck‘environment wzs formulated to be consistent with the NH&S
“validation objectives for a one-on-two surface burst attack on a shelter spacing of
1585 m (5200 ft). The airblast loading objective at the structure closure (door) :
was 3 MPa from a 24 KT surface burst, equivalent to a 3 MT yield at full sc$1e. 3
The test structure was located at a 50 degree aspect angle to the airblast which
fs consistert w1£h an attack scenario for the MPS basing gecmetry. D-1 pretest
anaiysis projécted that the region of the first Stragegic Arms Limitation Talks
(SALT) verification port had the highest suscept1b111£y'for doformation. As 2
result, both s1mu1§tors and testbed designs focused on providing the longest simu-
lation at that point. Simulation Zime for the events corresponded to the pro-
jected time span required to achieve peak ovaling response at the first SALT port
location. This criteria set the simulation time at 16 ms. The first ground shock

kA




relief effects originate at each simulator’'s boundaries. The first SALT port,
located near the center of the testbeds, {s the last to recefve these relief
effects. The SH-1 simulator size was chosen on the basis of sheaf wave propaga-

tion velocities, a dominant factor in non-simulation relief wave interactions.?

TEST SERIES OBJECTIVES

The test series was planned to yiald data required to meet the follouing'com-
posite objéctives: (1) Determine location, distribution, magnitude and duration of
loads on a generic MX horizontal shelter design; (2) Evaluate localized effects on
loading and response due to the incorporated baseline structural details. The details
incorporated in the test article are: two SALT verification ports, a closure tran-
sition area with a hinge mass region, and the cylinder with a single rebar cage and
steel liner; (3) Evaluate analytical techniques for hardness design procedures; (4)
Evaluate a Shaped-HEST as a technically viable alternate simulator to the DABS

technigue. The fourth objective is the thrust of this paper. 2

TEST CONSTRUCTION
D-1 Simulator Facility

The D-1 DABS facility, shown in Figure 1, {is the largest of its type to date.
The facility was constructed using commercially available double-corrugated metal
arch sections to ackieve a span of 17.4 m, a riseAaf 7.72 m and a length of 60 m.
The driver end of the facility was closed off by a cast-in-place reinforced
concrete wall 0.6 m thick. To prevent the explosives from cratering and injecting
debris into the flow, a steel plate covered a concrete floorpad extending over the
entire width of the facility and to a downstream ranje of 6.1 m. Additionally, a

0.3 m thick layer of concrete was cast over the steel arch to a range of 6.C m,
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The D-1 explosive charge consisted of Iretol 30T27-C blocks, a castable
TNT-sensitized AN (ammonium-nitrate) slurry explosive. The blocks were uniformly
distributed over the endwall of the DABS facility (Figure 2). Each block weighed
approximately 20 kg and was initiated by a Fentolite booster and by a length of
detonating cord. The charge array was initiatec simultaneously by a three-

' dimensional irray of 54-grain detonating cord which braﬁched out from two initiation
points jn front of the explosives to achieve a near simultaneous detonation of each
charge, Redundancy in the detonating cord array was provided to insure reliability
of initiation. Unconsolidated soil overburden wa§ placed over the arch and outside
the concrete endwall. This overburden was designed to provide confinement during

the 16 ms simulation time, but also to allow the entire facility to blow out and
away from the testbed after completion of the simulation (ts)lod ms). To facilitate
this process of facility expansion and overburden diﬁpersal, the base of the arch

was attached to a cuncrete footing to provide lateral restraint énd to provide a hinge
for rotation. Additionally, a minimum of 1 m overburden depth was placed dver the
crown with increasing depths progressing down the side to provide maximum velocity
near the top and to cause rotation of the arch and overburden arcund‘the hinge at the
base. Typical behavior of the simulator facility is for most of the overburden and
arch materials to be thrown clear of the testbed. The arch and overburden did not
disperse as well as desired, but this had no effect on the overall simulator

performance.3

SH-1 Simulator Facility

The SH-1 simulator was constructed with polystyrene beaded foam, cord type
explosives and soil overburden. The testbed's planar dimensions were 26.5 m by

25.6 m. The foam for the SH-1 test had a density of .016 gms/cm3 (1.0 Tbs/ft3)
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while the 1.3 m native soil overburden had a nominal dry density of 1.76

gms/cm3 (110 1bs/ft3). The tast used a 160% foam structure to form each HEST
cavity zone. This construction struecture provides for both‘the maintenance of the
proper explosive charge dimensions a~d for supporting the overburden. Figure 3
shows a testbed detail of the SH-1 simulator during construction. The explosive
charge was constructed using 400-grain PETN detonating cord. Zones i, 2, 3and 4
were preassembied and placed on the testbed. Zones 8-1, 8-2, 5 and 6 were fabri-
‘cated in place as shown in Figure 3. The major zones' primary timing system was
through edgé timing with the tie-zone cbncept for interior zones. The tie zones .
interconnect splices, used to ensure timing cdntinuity across zones 8-1, 82, 5
~and 6,‘were preassembled and placed on the testbed prior to assembly of the major
iones. The tie-zones' foam panels were grooved to accept both the primary deto-

nating cord and the recdundant firing system.4

The SH-1 simulator consistéd of eight separate representative HEST zoﬁes
(Figure 4), cach with a specific peak overpressure and airblast waveform. Each zone
has the same environment in terms of peak pressure and decay over its entire area,
with the exception of zone 4. Zones 8-1 and 8-2, both identical in design, were

" intended to simulate the free field airblast from a 24 KT nuclear explosion at the
3 MPa overpressure range through the use of the Brode nuclear equation. Zone 4,
located along the headwall and closure of the test structure, contained the Tow
pressure and high pressure cavity dJdesigned to produce the flow-resultant double peak
waveform. Al]l the neérfie]d zones were designed to produce a specified overpressure
and waveform defined in D-1 loads data. Each sloped region on the D-1 testbed had a

different pressure time history resulting from the dynamic component of the flow.4
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SIMULATOR INSTRUMENTATION

The instrumentation fielded to assess the airblast simulation consisted
of piezoelectric crystals, blast pressure gages, and photopoles. The crystals
measured time of arrival (TOA) of the blast wave at various s1mﬁ1ator locations for
determining the velocity and planarity. Blast pressure gages were installed both
direct and side-on to the blast wave to measure the overpressure waveforms at
various locations across each tesfbed. Locations qf near field and structural gages
were essentfal]y the same for both tests. A comparison of diaghostic {pressure)
gage locations between D-1 ana 3!i-1 ic shown in Figure 5. The photopoles in SH-1
served to provide impulse histories for each zone. The velocities of these poles
when combined with the dens®ty and thickness of the overburden are indicative of the

impulse in each HEST zone and provide a means of assessing the HEST cavity

performance.

AIRBLAST EFFECTS

The D-1 test provided the baseline data for the test sefies airblast effects
associated with the shelter's configuration. The MPS configuration.geometry had

significant affects upon the nominal 3 MPa targeted overpressure environmert.

”Pr1nary differential loading factors were the 50 degyree aspect angle, the shelter's

berm exposure, the driveway cut and the headwall profile.

Headwall Shock Dynamics
The shock front rcached the entry point into the driveway ramp prior to reaching

the structure's closure. The blast began to move down the ramp, acrcss the driveway
and up the opposite side. Upon impaci with the ramp on the opposite side, a

reflected shuck was generated and moved along that side ramp towards the structure.
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Meanwhile, the main shock front encountered the front face of the headwall and tegan
moving across it. These two shock systems collided near the face of the structure
near the y = -2 m structure coordinate (Figure 6). This shock collision spawned a

large reflected shock which accounts for the 27 MPa peak pressure observed at the

y = -2 m range and the other high»pressures in that headwail region.3 This strong
'refledied shock is similar to what would be expected from a nuclear airbiast
loading at the 50 degree aspect angle for a 3 MPa overpressure. In general, the
airblast pressures on the headwall and closure wére higher on the downstream side
(right) compared to those upstream.

Berm Area Dynamics

Overpressure waveforms measured as the blast wave passed over the shelter model
are shown in Figure 7, Fressures along the upstream side of the berm are apﬁroxi-
mately 20 percent higher than along the downstream side. The airblast arrived at
the first airblast gage on the upstresm berm at 16 ms and then swept over the berm
traveling at 1900 m/s. The airblast moved from this gage to the last ncar-field
gage in about 5 ms. Figure 7 shows the locations and waveforms oV several
airblast measurements on the berms and the driveway of the structure. At axial
distances of several meters behind the headwall; the vertical overpressure on the
upstream berm (left) was higher than the downstrcam. The peak overpressures on
the headwall and door varied {from left to right) from about 6 MPa to 11 MPa.
Except for the regis within approximately a meter of the headwall, peak over-
pressures on the upstream berm were about 4 MPa + 0.4 MPa while peak overpressures

on the downstream (right) berm were about 3.1 to 3.5 MPa,3

COMPARATI'VE ANALYSIS

Scope
Replication of the preceeding D-1 headwall and berm arcas afrblast loading

effects were the goals in the SH-1 HEST test. A principal feature of the SH-1
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simulator design was the requiremeat to produce the dopb]e peak waveform across

the headwall and closure face. This was accomolished by using a HEST (zone 4)
designed to produce a low pressure Eegion and a high pressure region, both within
the same cavity. The detonation of the explosives in the low pressure region pro-
duced a working gas through which secondary shocks could propagate. Upon detonation
of the high pressure region & secondary shock propagated back through the low
pressure région creating the second peak and the desired waveform.

A redundant zone-interconnecting and timing system was used to ensure the
proper propagation rate of the shock front across eéch region and from ore region l
to the other. The SH-1 simulator timing was a critical simulation feature. In
order tc be completely successful, all zones must fire at the proper tiae and
sweep at the required rate, The detonating front in each zone was designed to
travel at the free-field nuslear velocity 1684 m/s (5525 ft/s) and at a direction
of 50 degrees ta the longituu'nal axis of the structure. The blast wave's propa-
gation timing the various zcu3s in SH-1 was doﬁe externally and does not‘result
froﬁ flow, except as stated in the secondary wave of zone 4. The near-field zones
were designed to produce the peak effective pressures resulting from the blast
flow dynamics with the berm. The prescures were normalized in the areas shown in
Figure 4.

Headwall and Closure

The times of arrival of the blast wave propagating across the headwall and
face of the structural model are shown in Figure 8 along with the arrival times
for the second pulse which travels back across the face and headwal]t The primary

1ast wave traveled across the headua11 at approximately 2486 m/s, which was
slightly faster than the 2424 u/s predicted value. The second pulse caused by the
high pressure region in zone 4 traveled back across the headwall at approximately

630 m/s. The SH-1 value was slower than the 850 m/s rate observed in the D-1
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test. The second shock in SH-1 propagated through a gas composed of detonation
products and vaporized foam rather than air, which accounts for its rate being
slower than that observed in D-1. The blast overpressure waveforms :easuréd at
selected locations across the headwall and closure are shown in Figures 9, 10
and 11. The single peak wavefcrm over the downstream high pressure region and
the double peak waveform over the upstream low pressure region are clearly
observable. Waveforms measured at comparable locations in the D-1 test are
overdrawn on the SH-1 waveforms. Values for peak simulation pressure (PPs) and
for the second peak were plotted as a function of the y-coordinate across the
headwall and face of the structure in Figure 12. Smooth curves were visually
fitted through the data and corresponding data for D-1 were also included.

PPg in the low pressure region of zone 4 (upstream headwall) was approximately

9.5 MPa for SH-1 as compared to 6.5 MPa for D-1. In the high pressure_region of

zone 4 (downstream headwall) the PP was approximately 34 MPa in SH-1 as com-

pared tc 27 MPa for D-1,5

Free-Field and Berm (Testbed)

The blast overpressure waveforms at selected locations across the SH-1

testbed are shown in Figure 13 with compariscns of the associated Brode
waveforms. Although the front end spikes and oscillations typical of a HEST are
present, the waveforms produced agree well, The free-field overpressure is

estimated to be 3.5 MPa and yield to be 24 KT, slightly higher than the 3 MPa,

24 KT design goal.
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SUMHARY%

Th% Shaped-HEST simulator performed very well as a nuclear Blast and Shock
loader for exposed surface structures, Evaluation of the SH-1 simulator adequacy
was a pLimary concern as to modeling the complex nuclear airblast loading wave-
forms. ‘This HEST technique reflects the best state-of-the-art as a low cost simu-
lator aiternative to the DABS. Comparadble load characteristics were produced.
Overpressure wavefofms very similar to the 24 KT nuclear waveform at the 3 MPa
range w%re produced in the free-field reqions (zones 8-1 and 8-2). The airblast
wavefor@s produced over the top of the structure were gquite comparable to those
produceé in tha D-1 test. Along the headwall and closure double peaked waveforms
were pr&duced which were very similar to those produced in D-1. The zone 4 high
pressuré region alonq the downstream headwall produced secondary peaks very similar
to the D;l test. Propagation of the HEST blast wave over the testbed was uniform
and plan%r, providing proper times of arrival in each of the test zones. Peak
overpres%ures were slightly high in the free field as compared with the 3 MPa
nuclear %nd 25 to 50 percent higher than the D-1 test across the headwall and the
face of Ehe structure. Impulse Joadino appears to be correspondingly high in most
regions ;nd approximately 20 percent higher over the clasure. The HEST-generated
high ampiitude spikes and high freguency oscillations are present in the blast
pressure%waveforms during the first few milliseconds, but effectively produced
minimal énergy transfer.

Furfher HEST development to adjust and imorove the quality of the nuclear
airb]ast;simulation provided in SH-1 is recommended prior to full-size test
applications. However, the simuiator has proven its utility for producing both

multiple shock effects and multi-pressure loadings on reflection and drag sensitive

structures.
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Appendix 11 - Notation
The following symbols are used in this paper:
cm = centimeter

ft = feet

gns = grams

gr = grains per foot
KT = Kiloton

kg = Kilogram

1bs = pounds

MPa = Megapascals

MT = Megaton

® = meter

m*1iisecond

#

s = second

simulator disassembly time

o
w
[

structure coordinate horizontal axis
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1/5 Size VHS Series Blast and Shock Simulation by Michael L. Noble.
The capability of a High Explosive Simulation Techrique (HEST) simulator to ade-
quately dupiicate complex airblast waveforas was demonstrated. Dynamic test
comparisons showed the REST simulator's utility for providing boih multiple
shock effects and multi-pressure Joadings on reflection and drag sensitive
structures.
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1/5 SIZE VHS SERIES BLAST AND SHOC: SIMULATIUNS

KEY WORD3: Civil Defense; Explosives; Field Tests; Military Engineering;
Techinoloqy Assessment; Oynamic Air Blast Simulator (DABS); ﬁigﬁ Explosive

Simulation Technique (HEST); Afrblast; Simulator.

ABSTRACT: The simulation cbjective of the 1/5 Verif{able Horizontal Sheltar
(VHS) test series was to demonstrate the capability of a High Sxplosive Simula-
tion Technique (HEST) simulator to adequately duplicate complex z’-blast wave-
form loadings. A principal feature of the HEST design was the requirement to
prcduce double-peaked resultant overpressures. The modeling baseline was
established by a test (D-1) producing dynamic flow. The HEST test (SH-1) com-
parably matched the loading waveforms both in relative magnitude and phase
characteristics. The HEST simulator has proven its utility for both muitiple
siicck effects and multi-pressure loadings on reflection and drag sensitive
structures. .
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SMALL-SCALE TESTS OF MX VERTICAL SHELTER STRUCTURES

* * 4
James. K. Gran, Jchn R. Bruce, and James D. Colton'

Abstract

The purpcse of this research was to assess the arplicability of
geometric scaling at very small scale to study the rusponse of buried
reinforced concrete vertical shelter structures subjected to airblast
loading. The approach wa2s to build and test two 1/30-scale models and
compare the responses with those from corresponding 1l/6-scale tests. One
of the structures tested was designed to respond elastically, and the orther
was designed to respond inelastically. The 1/30-scale and 1/6-scale models
were built with as much geometric and material similitude as practical.
Special fabrication techniques were developed for thie 1/30-scale models.
Concrete sand (ASTM C33) was used for the backfilled soil at both scales.
The airblast from a nuclear burst was simulated with a high explosive

simulation technique (HEST).

A comparison of the 1/30-scale and 1/6~scale tests shows that the
surface loads and soil responses matched and that the structural responses | i
agreed very well. For the elastic structures, concrete surface strains 4
measured in the 1/30-scale test ard reinforcing steel strains measured in
the 1/6-scale test showed that the direct loading wave, the reflections from
the base and the clcsure, the base and closure flexure, interface friction,

and soil resistance to punchdown were all accurately reproduced at 1/30-scale.

For the inelastic structures, the responses agreed up to the time of
failurs in the 1/6-scale structure. Failure in the 1/6-scale scructure
occurred at an apparently locally weak section of concrete., Concrete
surface strains measured in the 1/30-scale test and reinforcing steel

strains measur=d in the 1/6-sca_c test showed excellent agreement above the

e b ok o e A e e oL

failure locatiom. The 1/70-scale strains throughout the structure were also

in excellent agreement with the predictions of numerical analysis.

*
Research FEngincer, SRI International,

B S
‘Director of Engineering tlechanics Department, SRI International.
1 :

Y R T L




Introduction

The major objective of this research was to assess the applicability
of very small-scﬁle modeling to the study of blast-loaded buried reinforced
concrete structures. This included an assessment of the geometric and
material similitude attainable for 1/30~scale models, the accuracy with
which the surface loads and soil/structure intérfacé loads could be modeled
at 1/30~scale, and, of course, the fidelity of the overall structural

A resnonse. The approach was to build and test two 1/3C-scale models of
MX vertical shelter designs and compare the responses with those from
1/6-~scale tests conducted by the Civil Engineering Research’Facility (CERF)
at the University of New Mexico.l The 1/30~scale and 1/6-scale models were
built with as much géometric and material simi;irude as‘practical. They

were not identical to the 1/3-scale structures tested in the VST Program.7

'The response of a vertical shelter under airblast loading ié 11lus~
trated in Fig. 1. The direct loéd from the air blast on the structure
produces flexure of the closure plate and an'axial compfession stress
wave that propagates down the length of the structure. The airblast also
produces a compressive stress wave in the soil that propagates‘at a lower
velocity than the structure wave. This soil wave produces radial com-
pression and vertical shear aiong the soil/structure interface. The
magnitude of the interface shearlload depends on the interface roughness
and soil properties. The wave in the structure may be élastic or in-~
elastic and may produce failure during its first passage down the tube.
When the wave reaches the basz of thé structure, it reflects and a relief
‘wave propagates back vp the tube. The base responds in bending the shear
modes and the soil beneath the base arches. This may also result in
structural failure. 7Two or three more transits of the stress wave may
occur in an elastic structure before the wave disperses and significantly

attenuates. Eventually, the soil wave completely engulfs the structure,

‘but by then surface load is nearly gone and the structure is nearly at rest.

g 1 cimis 2s STERNNN
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Small-Scale Structural Models

The two designs that were built and tested at 1/30-scale were the
'B' structure, designed to respond elastically, and the 'A' structure,
designed to respond inelastically. Ceometric similitude was maintained
in both the extermal structural dimensions and the details of the rein-—
forcement. The overall length of the models was 1280 mm and the inside
diameter was 142 mm. The wall thickness of the 'B' structure was 20 mm;
for the 'A' structure it was 10 mm. Measurements showed that in both
structures the walls were held to within 10 of the design thickness,
except at the base where 15% variations were measured. The main rein-
forcement for both structures was 1% steel in the loagitudinal and cir-
cumferential directions, placed in two layers. Radial stirrups at each
of the approximately 4000 bar intersections provided shear reinforcement.
To match the reinforcement layout of the 1/6-scale structures, wires

approximately 1 mm in diameter were used in the 1/30~scale models.

The degree of materijal similitude achieved in the 1/30-scale mgde}s
is i1llustrated in Fig. 2. The wmicroconcrete used in botn fhe 'B' and 'A’
structures consisted of graded sand, water, and Portland cement, with no
admixes., The strength of sample cylinders form the 'B' structure averaged
39.1 MPa with a standard deviation of 3.1 MPa., The strength of the sample
cylinders form the 'A' structure averaged 23.0 MPa with a standard deviation
of 2.7 MPa. In neither case was any trend apparent in the strength vari-
ation along the length of the structures.‘ Typical stress—sﬁrain records
‘ . from the 1/30~scale microconcrete are shown in Fig. 2(a), where they are

cowpared with records from the 1/6-scale concrete.

The main reinforcement was made of steel welding wire that was de~
formed and heat-~treated to produce the desired bond and strength properties.
Tensile tests showed that uniform strength was achieved along the length
of the 1,5-m-long heat-~treated wires, and strength varied less than 52
from wire to wire. A typical stress—strain record is shown in Fig. 2(b),
where it is compared with 1/6é~scale data. A close-up photograpu of the
deformed wires 1s shown in Fig. 2(c¢). The results of direct pullour
bond tests are shown in Fig. 2(d), where they are compared with 1/6-scale

test results and prototypical bond data.
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P Test Configuration and lLoad Simulation

v The 1/30-scale experiments were conducted in the Compact Reusable

: Airblast Simulator (CRABS) ccnstructed at SRI's Corral Hollow Experimental

' Site. The CRABS facility, shown in Fig. 3, 1is geometrically similar to
the Giant Reusable Airblast Simulator (GRABS) used for the 1/6-scale frests.
Concrete sand (ASTM C33) was used for the backfilled soil at both scales.
It was rained into place from a height exceeding 0.75 m to achieve a

uniform density of about 1750 kg/m3. The surface pressure was generated

with a HEST charge.

Several types of instrumentation were used tc record the loads and
the structural response. A typical instrumentation layout 1s shown in
Fig. 3. The measurements included hlast pressure, vertical soll accel-
eration, radial and vertical soil stress, concrete strain, structural
acceleration, and interface pressure. All the gage signals were condi-
tioned and recorded in analog form, then digitized electronically at a
sampling rate of 6 us/point. In the gage records discussed below, the
gage locations are given in terms of the ratio of the gage depth to the
overall length of the structure (d/L). For the purpose of comparison,
all the data from the 1/6-scale tests were digitized manually and scaled2

to correspond to the 1/30-scale records.

The design load for ﬁhe vertical shelter is the airblast from a 5 MT
nuclear burst at the 8.3 YPa range. The Brode approximatidn3 to this
load was simulated at both scales using a HEST charge. The explosive
charge design for the 1/30-scale tests was scaled from the 1/6-scale
charge: the 1/30-scale charge consisted of four layers of Primacord
explosive and polystyrene foam, covered by a 0.44-m—deep layer of sand.
Direct comparisons of typical blast pressure and soll stress measurements
in the structural tests are shown in Fig. 4. As indicated, the surface
pressure and impulse compare very well with ths design load. The soil
stress measurements also compare well at both scales, although the wave
. speed in the 1/6-scale tests was consistently slightly higher than in. the
- 1/30-scale ta2sts. The cause of this difference has not been determined,

but the effact on the structural response was insignificant.
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Overburden, 0.44 m height,
P 1680 kg/m3 (105 ib/$t3) density

]
. Foam HEST, 28 mm height,
1 4 layers 18 gr/ft Primacord,
14.6 ka/m3 (0.91 1b/ft3) charge density
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FIGUKE 3 CRABS FACILITY AND TYPICAL TEST SETUP FOR 1/30-SCALE TESTS
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Interface Shear Load Measurecments

Before the structural tests, an independent set of experiments was
conducted to characterize the soil/structure interface properties of the
1/30-scale models. The configuration for these tests is shown.in Fig. 5.
The test device was a segmented concrete column extending from the base of
the CRABS facility up through the explosive cavity. The cylindrical
segments were connected by load-measuring "dogtones." The surface of the
concrete was representative of the 1/30-scale ard 1/6~scale structures.

By measuring the forces between the column segments, the acceleration of
the segments, and the normal interfac. stress, a relation bétween averagé
normal stress and average shear stress at the interface was obtained for
each segment. A reasonabtle fir to the data from these experiments is the
bilinear curve consisting of the assumed‘soil strength envelope (zefo ‘
cohesion, 30° friction angle) and an estimated interface strength envelope
(0.14 MPa cohesion, 10° frictom angle). This fit is nearly identical to

the model suggested by HuckA for smooth concrete and sand.

'8' Structure Comparison

A ccmparison of the results from the 1/30-scale and 1/6-scale tests
of the 'B' structure sbows that the surface loads and soil respdnses
matched 2nd that the structural responses agreed very well. The direct
loading wave, the reflectlon from the base, the base response, and the

soll shear loading were all reproduced accurately at 1/30-scale.

Concrete surface strains measured in the 1/30—scalevtest and rein-
forcing steel strains measured in the 1/6-scale test are compared in
Fig. 6. The initial small oscillations in the records are the result of
electrical noise generated from the detonation of the explosive. When
the direct blast load wave in the structure arrived at a particular
location, the axial strain rose sharply in compression. The tensile
reflection of this wave from the base then reduced the axial strain
sharply. Between 0.5 ms and 1.0 ms after the initial shock arrival,
depending on the location, the strain again rose because of both a

second stress wave reflection (frou e top) and the continually increas-

ing soil/structureinterface shear load. Not shown are the circumferential

AL NI LB e e e

T e DT N L LR U




- g' - .. AP RRARCRS e
‘ ' VOSSOSO
7/
s |73
-
/ :.

S S S S S O R S S S S R O R RO OSSR OSSO S SN S S S S ST S SIS

. °
i = Soil Stress
: ° B Acceierstion '
pomey | [ Cavity Presaure
E 8 Interface Pressure
. L Column Load
SITITHATIIEOIRIIYS. ® Columna Acceleretion
MA-8176-8C
3 FIGURE 5 MEASUREMENT OF INTERFACE SHEAR ".0ADS
3
? ‘ 10

.
. i .
{ .
° . 1{ s
/ /’ A,
P N . 4 .




STRAIN — ustrain

B L T TR

STRAIN — ustrain

!

500 500 i I, 7
i f‘
0 = S =
-500 ._. ka f_/ 3 -500 1 ’f:\ . < - o !
VivT | T
1000 |4 Z 1000 Fj ' ’
3 AR
r——— scale
-1500 = -1500 ——— Vscale
~2000 ~2000 - [ L
0 1 2 3 4 0 1 4
TIME — ms TIME — ms fr
(a) AXIAL STRAIN AT d/L = 0.14 (b) AXIAL STRAIN AT d/L = 0.38
' J
0 *%“ % 0 5
ik T T
-1000 —~! Z -1000 :
/ - |
-1500 ] K -1520 ; 1
~2000 L ~2000
o 1 2 3 4 0 1 2 3 3
TIME — ms TIME — ms.

{¢) AXIAL STRAIN AT d/L = 0.67

(e) AXIAL STRAIN AT d/L = 0.91

’ JA-317522-6

|

1

FIGURE 6 ‘B STRUCTURE STRAINS !
—— 1/30-scale concrets strains; ----1/6-scale steel strains !

|

\

|

11

b

- AR LB Ul b i A ek i st 21 ek 8 5 o




SR 1 MR e o 4 i o

strains, which were 1irst tensile because o. the axial cdmpression, but
then fell abruptly into compression when th2 soil wave arrived. The
comparison of the 1/30-scale records with tie 1/6~scale records indicates
that all the features of the response were ~aptured in the 1/30-scale test,
although the magnitude of the strains was s. ightly higher in the smaller
model. Also, in the 1/30-scale test the peak axial compressive strain
measured during the first wave transit increased with depth to about

d/L = 0.67 and then decreased. Becausg strain was measured at only tw»
axial locations in the 1/6-scale test, a complzte comparison of the

variation of peak strain along the length of the structure cannot be made.

The records showing the base response are compared in Fig. 7.

Oscillations in the base acceleration and velocity indicate that flexural

vibrations of the base plate occurred for about 1 ms. The difference in

the magnitudes of the interface pressures from the two tests is a result
of the difference in the gage leocations: the 1/30-scale pressur:z was

measured very near the center of the base, whereas the 1/6-scale pressure
was measured nearer the perimeter of the base. The difference in magnitude

indicates that soil arching occurred beneath ithe base. The soil stress
measured directly velcw the structures, at d/L « 1,20, shows that nearly

the same total load vcs put into the soil at both scales.

‘A' Structure Comparison

A comparison of results from tue 1/30-scale and 1/6~scale tests of
the "A' structure shovs that the surface loads and soil response were

matched and that the structural responses agreed up to the time of failure

' in the 1/6-scale structute. The damage in the 1/30-scale ‘A’ structure

model is shown in Fig. 8(a). Ti.~ apparent chronology is that tne wave

in the structure from the direct blast loading propagated all the way to

the base without causing failure, zmd peak strains of 2200, 2000, and 2300
microstrain were r=corded at d/L = 0.:2, 0.38, and 9.57 lzcatiors, res-

pectively. When the wave reached the base, or shortly thereafter, fajlure

occur-ed at the tube/base junction because of a combination of axial

comprcssion, toroidal bending. and shear. In cowpurisonm, the 1/6-scale

'A' structure model, shown in Fig. 8(b), failed ai d/L = 0,40 when the
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stressawave in the structure reached that depth. The failure occurred in
the vicinity of a construction joint that may have been a locally weak or
brittl? section. The decreased load that propagated past the failure

location also damaged the base slightly.
|

qoncrete suriace s:rains measured in the 1/30-scale test and rein-
forciqg steel strains measured in the 1/6-acale test are shown in Fig. 9.
The c&mparison at d/L = 0.12 is excellent and suggests that both structures
behavéd the same at very hignh (although different) strain rates, ewven
thougﬂ the unconfinad static strength of both structures was exceeded by
a facéor of about 2. Because failure occurred at the d/L = 0.40 depth in
the 146—sca1e test but not in the 1/30-scale test, the strain comparison

at d/ﬂ = 0.38 1is not good and at d/L = 0.72 it is meaningless.

.
in Fig. 10 the 1/30-scale strains from the d/L = 0,12, 0.38, and 0.72

locations are compared with the results of elastic-plastic finite element
calcuiations performed by other researchers. 6 The agreement is good at
all tﬁree locations, and neither the analyses nor the 1/30-scale experi-
ment predict the d/L = 0.38-0.40 depth to be a critical location. However,
duriné the first millisecond of response (1/30-scale) the analyses predict
straiﬁs of 4000 to 5000 microustrain at about the d/L = 0.22 location. This
is thé depth at which the soil stress wave meets the reflection of the
struc%ure wave, Apparently, above that point the peak strain 1s limited

by the radial pressure in the soil, and below that point the peak strain

is 1iﬁited by the relief wave from the base of the structure. Unfortunately,
straiﬁ was not measured at this predicted critical location in either of the
experiments because the phenomenology was not well enough understood at the

time the experisents were conducted,

&he records showing the base response are compared'in Fig. 11, 1In
contfast with the 'B' structure, significant acceleration i{n the 1/30~
scalé 'A' structure was sustained for only about 800 us, and flexural
vibr&tion of the base plate i3 not evident in the velocity record. This

suggests that failure took place very soon after the arrival of the direct

loading wave. The 1/30-scale base damage is shown in Fig. 11(c). The
goil etress measured at d/L = 1,20 [Fig., 11(d)] indicates that in the

15

it




St St al et PTG N ATE LR TR AT A i

1000
0
P -
-1000 e
-2000 -
-3000

0 1 2 3 4 5 6
TIME — ms

(a) AXIAL STRAIN AT d/L = 0.12

1000
0 A
A L o0 s
1000 H—
-2000 |
-3000 :

o 1 2 3 4 5 8
TIME — ms
(b) AXIAL STRAIN AT d/L = 0.38

1000 J [

0 Yhwr -

-10060

0 1 2 3 4 5 ;]
TIME ~— ms
{c) AXIAL STRAIN AT d/1. = 0.72
MA-8178-160
FIGURE @ ‘A’ STRUCTURE TUBE STRAINS
—— 1/30-1cale concrete straing; ---~ 1/6-scale stoel strains.

16




T S Y S £ S R T G S Gl SR RS L < S R L L

1000
£ 0
g [\ Weidlinger d/L = 0.12 \
2 -1000 S
| 2000 NS L
- v T 7
z | I\ CRT 4L =015/
L~ ¢ -3000 —
« L —
h -4000 1‘
0 02 04 06 G8 1.0 1.2 1.4 16
TIME — ms
(a) AXIAL STRAIN AT d/L = 0.12
1000
.E 0 LI
® Weidlinger d/L = 0.40
g -1000 £ =]
| ISR 4
~2000 7=
Z = \
& -4000
0 02040608 1012 1.4 16
TIME — ms
(b) AXIAL STRAIN AT d/L = 0.38
1000 -
£ e
g N Weidlinger /L = 0.74
2 -1000 ot
= CRT d/L N\/ T
| 2000 b—1t= 0.72 Db
2
< -3000
ax
& -4000 —
l
0 02040608 1012 1.4 1.6
TIME — ms
(¢} AXIAL STRAIN AT d/L = 0.72

MA-3176-181

FIGURE 10 ‘A’ STRUCTURE TUBE STRAINS COMPARED
WITH ANALYTICAL PREDICTIONS

Analytical predictions are from References § and 7.

17

b e e S v o it vt g%

b i Ve

AT s




12
4000
| £ 10
Zz 2000 8 :
9] |6l
S O Mre— z [N
& s 4
= -2000 S , DS .
& d ey \~‘~\-e\.=.‘~.
2 -4000 > 0
i _2 - ).
0 2 4 6 8 10 12 0 2 4 6 ‘B 10 12
TIME — me TIME — ms
(a) BASE ACCELERATION : (b) BASE VELOCITY
6
G d.; 5
= 4 4
| 3
[77]
K
= 1
-1 -
0 2 4 '8 8 0 12
(¢) 1/30-SCALE BASE DAMAGE {d) VERTICAL SOIL STRESS AT d/L = 1.20

MP-8178-188A

FIGURE 11 ‘A’ STRUCTURE BASE RESPONSE
' —— 1/30-scale; - - - - 1/6-scale

Nl 30 MM Z, 5B e o e i m e 22




1/30-scale test a significant force was exerted by the base on the soil
long after the assumed time of structural failure. In contrast, the
1/6-scale soil stress is much lower because comparatively little load

propagated past the early fallure at d/L = 0.40,

Analyses

Three computer calculations were conducted to aid in the understand-
ing of the experimental results. In the first calculation, an elastic
analysis of the 'A' structure was conducted to help determine the nature
of the wave reflected from the base and to estimate the potential for
failure at the tube/base junction. The results showed that the reflection
from the base 1s predominantly tensile and that the principal strains at
the tube/base junction are large enough to cause either compregsive failure
or tensile failure within 25 us of the arrival of the wave at the base.
However, because plasticity effects were not included, the actual time
cf the failure observed in the 1/30-scale 'A' structure test cannot be

determined from this first~approximatiou analysis.

In the second analysis, the effect of nonscaling gravity on the early
time response of a vertical shelter in cohesionless so0il was studied. It
was concluded that, over the range of scale factors from 1/30 to 1/3,
the effect of gravity's not ..caling does not cause significant differences
during the transit of the first structural wave. This is the time period

during which failure occurred in the 'A' structure in all three scales of

the experiments.

In the third calculation, the individual effects of the direct end
load and the interface shear load were investigated in a wave analysis
of the 'B' structure. The comparison between thig analysis and che experi-
ments indicates that most of the experimentally observed response 1is caused
by the direct end load, including the second rise in compression between
1.0 ms and 1.5 ms. The interface shear load har a significant effect on
the magnitude of the straians at any particular time, but it has almost

no effect on the shape of the strain records.
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Effects of Scale

The excellent agreement between the 1/30-scale and 1/6-scale 'B'

structure responses indicates that all the significant response effects
that occurred in the 'B' structure tests scaled very well. These effects
include elastic wave propagation and reflection in the structure, closure
and base flexure, interface friction, and soil resistance to punchdown.
The slight differences in the magnitude of the tube strains may be due
to slight differences in concrete material properties, Gravity effects
are negligible. The difference in sfrain rate does not produce any sig-
pificani difference in resr.nse, although the variation of peak strain

along the length of the structure may be a function of strain rate.

The 1/30-scale and 1/6-scale 'A' structure responses also showed:
excellent agreement up to the time that failure occurred in the 1/6-scale
model. In particular, strains measured at the end of the tramsition
section match very well. The only explanatibn for the failure in ;he
1/6é~scale structure at the d/L = 0.40 location is the existence of a
weak section. The failure location coincideswith the top of a 1lift in
the concrete formwork, where the concrete could have been weakened by
the settlement of the‘aggregate. The excellent agreement between the
1/30~scale measurements and the computer analyses is further evidence
that the smaller-scale model responded properly. Neither the 1/30-~scale
test nor the finite element analyses predict the d/L = 0.40 location. to
be critical during the first passage of the stress wave down the tube,

i.e., when tailure occurred in the l/6-scale model.

After failure occurrea in the 1/6-scale structure, the responses at
the two scales, of course, differed. Lower strains in the tube and a
lower base velocity in the 1/6-scale model rezulted from the lower stress
below the failed section. The higher stress wave in the 1/30-scale model
produced higher strains in the lower tube and caused failure at the tube/
base junction when the wave reached the base. Thus, the 1/30-scale test
revealed that one weak point of the 'A' structure design is the tube/base
junction. Failure at the tube/base junction isolated the base from sup-

sequent loading through the tube, including downdrag effects. Thus, both
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the magnitude and the character of the base velocities differed at the

two scales because of the difference in faillure locations.

Unfortunately, in comparison with the 1/30-scale models and the
1/6-scale models, the 1/3-scale VST7 models had different gecmetry (wall
thickness variations), different material properties (higher concrete
strength and lower steel strength), different loads (higher pressure),
different soil (in-situ HAVE HOST), and different interface characteristics
‘(cast-in-place roughness). Thus, it is very difficult to isolate the
effects of nonscaling parameters by cowparing 1/30-scale and 1/6-scale

results with the 1/2-scale VST results.

For example, the strains measured in the 1/3-scale 'B' structure are
about twice as high as those in the 1/6~scale and 1/30-scale structures.
It appears that the combination of higher surface pressure, the cast-in~
place interface condition, and the cohesion of the in-situ soil prpduced
overall higher loads on the structure and thus higher strains. It does
not appear that the differences between the 1/3-scale VST 'B' structure
data and the data taken at the two smaller sczles are results of scale

per se.

The 1/3-scale VST 'A' structure response was similar to the 1/6~scale
respouse in that fallure occurred during the first passage of the stress
wave in the structure. However, because the failure location was in the
transition section, the strains before failure cannot be compared. The
quicker failure in VST may have resulted from the higher load, a weak

section, or the stronger interface condition.

Conclusions and Recommendations

The conclusions of this study are as follows:

(1) The geometric and material similitude in the 1/30-scale
models was excellent, and the quality contrnl was at
least as good as that of the larger scale models.

(2) The blast pressure and soil structure interaction loads
were accurately modeled for the conditions tested, but
in-situ soil and cast-in-place Interface roughness may
nose modeling problems at any scale.
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(3) The structural response of the 1/30-scale models was
generally in excellent agreement with the 1/6-scale
response. The only major discrepancy was the location
of failure in the 'A' structure, and this is attributed
to a locally weak section in the 1/6-scale model.

(4) The effects of nonscaling gravity were negligible for the
cases studied. The effects of nonscaling strain rate
were not obvious.

The tests at all three scales clearly made important contributions
to the understanding of vertical shelter response. Furthermore, the
response of a vertical shelter under airblast loading is dominated by
those parameters that scale properly, e.g., gecmetry, material properties,
and loads. This makes small-scale testing an excellent tool for concept
screening and for verification of analytical models. ﬁowever, small-
scale testing should not be substituted for large-scale proof testing.
Construction techniques can cause differences in response, especially
as they affect strength, geometry, and interface conditioms. Also,
in-situ soil properties may not be accurately modeled with backfilled’
soil.
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LABORATORY IMVESTIGATION OF EXPANSION, ?T%NG
AND SHOCK ATTENUATION IN THE MX TRENCH

James K. Gran,' John K. Bruce,‘ and Jamesg D. Coltonf

Abstract

An experimental program using 1/26-scale models of a buried
concrete trench was conducted to study the dynzmics of expznsion and
venting caused by an airblast propagating down the trench, and to study
the effects of the expansion and wventing on the attenuation of the
airblast. The trench models were made of steel fiber-reinforced
concrete and were buried in sand. The airblast was produced with an
explosively driven shock tube. Expsansinn and venting dynamics of short
treach sections wera studied for flat-toppred pressure pulses ranging
from 700 psi to 2600 psi. Radial expansion histories and veat-times
were recorded. . Shock attenuation was atuqied with 60-ft-long trenches
in whicn the peak pressure of an exponential vaveform decreased frea
4000 psi to 300 psi as the shock propagated the length of the trench.
The effects of expaniion were {solated by <osparing the attematiza in a
concrete trench to that in a ateel trench. Fxpanzion reduced the peak
préssure slightly at distances greater than %0 ft. The data were used

to validate computer models Zor shock attenuation in the MX tranch.

Introduction

Ar important aspect of the MX trench 18 {ts response to air shock
waves created inside the trench. The objectives of the work preseunted
here were twofold: (1) to determine the expansion and venting response
of rthe trench under internal pressure loading and (2} to determine the
effects of attemuation mechanisws (viacous wall drag, trench expansicn,

and traach-te-surface veating) on the air shock wave {nside the trench.

*Research Engineer, SRI Internstional

Tbtrector of Engineering Mechanics Department, SRI Iaternat{onal
1
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Expansioc and Venting Tests

Experimentsl Setup

The expansion and venting tests were conducted with the assembly
shown in Fig. 1. The trench i3 subjected to the largest internal pres=~
sure when the ghock wave produced by the explosive has traverrned the
run-up section and the model, and reflects from the reflectfag wall at
the end of the model. The sssembiy rested in & scil din that provided
two fecc of 8o0il to each side and below the model trench. Preagsure was
measured in the shock tudbe run-up section and at the reflecting wall.
Responge was photographed with two hiuh-—speed camerae, ove viewing the
end of the trench through the lucite window, the other viewing the soil

gurface from the side.

SCALE — inchw»
0 3 6 8 12
b t—

Modet , View ‘ Model ‘ 12-foot-long
Trench Soil  Wi..dow Soil  Trench 30-inch-lof 3 Explosively Driven
Run-Up Section Shock Tubs

=
J
|
s
e
|
!

i,

} Assembly tc be Placed
} Pressure Transducers in Soil Box

(a) END VIEW (b) SIDE ViEW

MA-RM,3-118

FIGURE 1 EXPANSION AND VENTING EXPERIMENT ASSEMSBLY

Eight srrands of explosive cord in the shnck tuds were used to
generate rominally flst-torred shock waves with reflected sresmures
ranging from about 700 psi to about 2600 pai. These 108ds wers
calibrated with a sreel tube in place of the modal trench. The

calibration pressura records are shown in Fig. 2.
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FIGURE 2 PRESSURE MEASURED AT THE REFLECTING WALL 1N THE SHOCK TUBE

CALIBRATION TESTS

The expansion and venting tinn were performed using 6-in.-ID,

12-in.~long trench models !}nving a wall thickness of 0./ in. Two

longitudinal 0.56~in.-deep saw cuts offset 110 degrees from each other

and two transv-rse 0.56-in.-de2p saw curs at the third points separsted

the roof bleecxs. A typical treach wodel is shown in PFig. 3.

| WP 8307-81

FIGURE 3 FIBER-REINFORCED CONCRLTE TAENCH MOOEL
WITH SAW-CUT RQOF BLOCKS

w

BT PUR R

[y

el

v, Tt

R N T




The formula usad for the fiber-reinforced concrete was similar to . F
that used by the Alr Force Weapons laboratory (AFWL) in the fabricatioan ‘
of 1/2-scale trench models. The steel fibers are U.S. Steel Fibercon;
0.010 in. in dismeter and 0.5 in. long. They represent about 1.7% of

the concrete nix by weight (0.5 by volume). Eight vaconfired com~
pression tests (ASTM C39-64) and 5 split-cylinder tension teasts (ASTM
C496~71) were performed on 3-in.-diameter, 6-in.-long lamplea.3 The
compreagsion strength varied from 6590 psi to B420 pei{ and averaged
7420 past. The split-cylinder tension strength varied froa 820 psi to
1010 psi and averaged 500 psi. '

The soil used in the expansion and wventing experiments was obtained
from a designated location at the HAVE HOS? test wite on the Luke Alr
Force Rangc in Arf{zona where AFWL's 1/2-tcsle tests were performed. Tha
s0il was packed around the model trench nanuaily, and saesples were taken
to measure the sofl density and moisture con*tent. Densities (except
Test 20, the dry soil test) ranged from 117 to 122 1b/ft3 with mofsture

contents from 2.6 to 3.9%7. The soll cover depth vas 2.3 fa.

Experimencal Results

Many expansion and vanting experiments were conducted. Only five
are desczibed in this psper. The parameter? of these experiments are

given in Tadle 1.

‘Table 1

TEST PARAMETER FOR EXPANSION AKD VENTING TESTS

‘ Test Rumber
Parameter 17 R ¢ 20 22
Soil density 122 122 122 120-122 118
Moisture content 3.3 .6 2.8 0.3-1.9 3.6
Prak pressure oy 1160 1109 1160 2600
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The following general features were observed in this set of

experiments:

a

2)

Seversl loangitudinal cracks form in a circusferentially
symsetric distribution in the trench wall almost imme-
diately (within 0.3 ms) after the arrival of the shock
vave. Yig. 4 shows the cracking patterns observed in
Test 17 and Fig. 5(a) shows the recovered trench
fragments. PFig. 5(L) shows the crack pattern observed
in an AFWL 1/2-scale test. The patterns are the same
for both scales. '

i

(t = 220 ms, Test 17}
' MP.8307- %

FIGURE 4 TRENCH CRACKING PATTERN

The expansion of the tiench into the socil iz cylindri-
cally symmetric until the rsrefaction wawve returns from
the free soil jurface to the trench toof. P{g. 6 {llus-~
trates this phenomenon 7 observed in Test 17. Iun this
{1lustratiocs, the shock wave arrives at the reflecting
wall at 1.7 we, and the trench beging %o expend
symmetrically. Besed on a soil wuve spaed of 4£S ft/s
(observed in a previous test), the prossurs wave in the
2011 reaches the surfsce about 0.45 ms ‘ater, sfter
which the soil surface begins to ecve. After anoChar
0,45 ma, ths relief wvave from the soil surfacs toaches
the crown, ending the symmetric phose of the expansion.

e e a o e
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ROOF SECTION
L

PESTUNCE BN CRR

(a) RECOVERED TRENCH FRAGMENTS FROM SRi TEST 17 {1/26-Scale)

TRANSVERSE STEEL
SEPARATOR BETWEEN
ROOF PANELS

LONGITUDINAL
STEEL SEPARATOR

LONGITUDINAL CRACKING
AT CROWN, INVERT, AND
SPRINGLINE

‘
|
|
E
!
|

-CIRCUMFERENTIAL
CRACKING IN TRENCH
BOTTOM |

SEGMENTS

LONGITUDINAL CRACKING 1
APPROXIMATELY BETWEEN

' 30° AND GO° BELOW SPRIL'GLINE |
|

(b} CRACK PATTERN OBSERVED IN AFWL 1/2-SCALE TEST T-1 ;

) M?«G:!O?-tl?ﬁ
FIGURE § COMPARISON OF TRENCH CRACK PATTERNS BETWEEN SRI 1/25-SCALE TESTS
AMD AFWL 1/2-SCALE TEST T~1 : %
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FIGURE 8 SYMMETRIC TRENCH EXPANSION PHASE (Test 17

After the symmetric expansion phase, the slug of roof
fragments woves vertically with little or no change of
shape until weating occurs. The soil above the crown
mounds up without much latsral flow. The exnancfom of
the trench at the springiines and flocr continuea tc de
approximatsly sy=wetric,. Pig. 7 1lluetrates this phase
of expansion {n Test 17.

Veanting begins at the roof crack nearest the crown, vhen
the trench rnof has moved to abdout the level of the
original aoil surface. Initisticn of veanting in Test 17
is shown in Pig. 8. '
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{t = 3.70 ms, Test 17) {t = 4.20 ms, Test 17)
MP-8307-15C . MP-8307-18D
FIGURE 7 ASYMMETRIC EXPANSION PHASE FIGURE 8 INITIATION OF VENTING AT

(5>

CRACK NEAREST CROWN

Once venting begins (near the reflecting wall), the soil
surface unzips along the lengih of the trench at about
the gsame rate as the propagation of the reflected shock
wave. Thig phenomenon as observed in Test 17, {s 1llus-
trated {a Pig. 9. (The unzipring phenomenon was
difficult to observe with ghort test aections, espe-~
cially at the higher pregssures, but the 3zhock attenus-
tion tests with long trenchs verified this response
feature.)

(a) t = 4.10 ms (b) t = 4.50 ms ' (c) t = 4.95 ms

BT T AT T

MP-£307-16C

FIGURE 9 SIDE YVIEW OF GROUND SURFACE ABOVE THE TRENCH MODEL

{Photo pins used to meaure absolute roof displacement)
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The effect of pressure on wveanting is 1llustrated in Fig. 10, where
the time of wventing and the roof displacement at the time of venting are
plotted against pressure. For this series of tests, a higher pressure
caused venting to occur sconer and with less roof displacement. The
iines drawn through the data are not fitted curves; they indicate only
the trend. The data from Tests 18 and 19 do not lie near the lines.
Even though in Tests 18 and 19 several seasurements were rep2atable, the
ventineg data from these lests ars counsidered anomalcus because premature
ventiang initiated through a path provided by a photo pin positioned to
provaide data on the motion of the trench roof.

3.2 T T T T .
30 | \ -30
g ! \ T
28
! \\ w
c
§ 26 ‘ (=
% — 25 g
[ 24 o oo
g z
Q
- >
%22 c
3 <
320} —20%
w
-l 2
[
Z b4
> ' 2
o186 TEST 22 7]
[ —115 06
w [F
s 14 N ) Q
= ~ S
12 1 ~ ®
' TEST 18<87’Tss*r 19>
1.0 | 1 — 1.0
0 500 1000 1500 2000 2500
AVERAGE PRESSURE UP TO TIME OF VENTING — psi
' MA-6307-898

FIGURE 10 EFFECT OF PRESSURE ON VENTING TIME AND ROOF DISPLACEMENT
AT VENTING TIME FOR REINFORCED CONCRETE TRENCHES

{Q — venting time, @ — roof displacemant)
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The effect of pressure on trench frazmentation is i1llustrated in
Table 2, which lists the number of longitudinal cracks gseen in the
reinforced coacrets cronch modela st waricus pressures. These data
suggest that slightly more cracking occurs at higher pressures; however
more data is needed to s.i‘ rantiate this possibility.

Table 2
EFFECT OF PRESSURE ON LONGITUDINAL CRACKING

Test Rominal Peak

Number ‘ Pressure Number of Cracks
17 700 8
18 1100 10
19 : 1100 9
20 1100 7
22 2600 12

Analysis of Experimental Data

To assure the coasistency of the data, wz performed some basic
analyses, in which we treated response features geparately and did not
attempt to calculate the entire response in a single analysis. The
response features anralyzed were:

(1) Boof motion calculated from the pressure measured at the
reflecting wall.

(2) Trench expansion at the springlines and invert calcu-
lated from the pressure measured st the reflecting wvall.
The motion of the roof was calculated to verify the consigtency of
the pressure measurementsz and the roof displacement measurements. A
one—dimensiocval wodel was adejquate to calculate the displacement of the

roof up to the nvigiual seil surface level.

The mathematicsl model used to pradict the rcof displacement con-

sints of an .afinitesi=mal ring element of roof materizl and cover soil

10
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loaded by internal pressure. Inertial effects are dominant over the
effects of material strength, therefore, material strength was nez-
lected. The roof/soll ring element waa assumed to have a constant mass.
A kinematic constraint (consistent with observation) required the thick-
ness ot the ring element to remain constant. Thus, as the inside radius
grows, the loaded area increases and the mass density of the ring
elewent decreases. The equation of motion for this model is

Pa (d8) = p SEE:EZl 23- (;+b)/2

2 dt2

vhere P (s the pressure, a is the inside radius, b is the outside
radius, and p is the mass density of the ring. The assumptions of

constant mass and constant thickness reduce this equation to

dza
2x Pa = o —3
de

where m is the mass per unit leagth of a full ring.

Tals model was used to cnlculatelthe roof displacement for each of
the expansion and venting tests. Figure 11 compares the results of the
calculations with roof displacement mneasurements taken from the films
for tests with peak reflected pressures of 700 psl (Test 17), 1100 psi
(Test 18), and 2800 psi (Test 22). The soil displacement for Test 17 {is o
also given, indicating that about 0.4 in. of compression occurred in the
801l cover. The correlation 6f the calculations with the data enhances
the reliabflity of the presoﬁre and dis,  icement measuresents and

indicates that the simple model for predicting roof motion is adequate.

The trench expansion into the surrounding soil was calculated to
verify the consistency of the pressure and displacement data, and also
to confirm the soil wave speed observed in the high—specd movies. The
problem was formulated for an axisymmettic, plane strain analysis.
Calculations were made with SRI PUFP, 3 finite difference computer code
capable of analyziug two—dimensionil countinua undergoing large

deformation.5

11
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FIGURE 11 COMPARISCN OF CALCULATED AND MEASURED ROOF DISPLACEMENT

The trench wall was modeled with typical coacrete properties,
allowing fracture at a low tensile stress. The radia’ compressive
deformation of the concrete is negligible compared with the radial
displacemant. The socll was modeled a3 a Mohr~Coulomd material without
dilatancy due to shear. In this model, the dilatational response is
gbverned only by a veriable bulk modulus (K). The distortional response

is govarned by two parameters, the cohesion ¢ and thz friction angle A.

The ao!ll properties were determinred from the U.5. Army Waterways
Experiment Station's (WES) uniaxial strazin test data on HAVE HOST
backfill.é In the ctizulations, the loading pressure-~volume path was
made to follow the g, = €, curves given in Ref. 4. ¥For unloading, a

bulk modulus equal to the maximum loading modulus was used. A good

12
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correlation with the expansion test data was obtained using soil

|
parameters computed from WES's lower bound curve for low density soil

4
i

!
even though our measured wet soil density was 5% to 10Z higher than
WES's low density soil.

One reason. for using the lower bound low density stress-strain
curve 1s that the bulk modulus computeé from that curve, up to about 4X
vevtical strain, agrees with the bulk modulus estimated from our
obgerved wave speed. Also, we calculafed the trench expansion due to
the pressure measured in Test 17 (700 bci nominral) using both the lower
bound. low density soil data and the upper bound high density soil
data. The values of ¢ and ¢ were taken directly from the WES data. The
reaults of these two calculations are ;hown in Fig. 12, along with the
Test 17 results. Clezrly, the low deniity soil data produce a more

[
accurate expaasion calculation. \

|
Low Density
Low Density Soil Properties
Soil Properties Test 18 (1100 psi)
Test 22 (2600 psi) / \

g
o

v T

Low Density
Soil Properties
Test 17 (700 osi) o I

Test 18
Data
{1100 psi)

o
T

\ ) :
Test 17 f

et 22 Gota ?
(2600 psi) (700 psi)

High Density Soil Properties
Test 17 (7G0 psi)

TRENCH WALL DISPLACEMENT — in.
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FIGURE 12 COMPAIISON OF CALCULATED AND MEASURED SPRINGLINE 2
AND INVERT DISPLACEMENTS ,
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We then calculated the wall wotion usiang the pressures messnred in
Test 18 (1100 psi nominal) and Test 22 (2600 psi nominal) with the low
density soll data. Thesa calculations are also compared with the
experimental results in Fig. 12. Again, the calculations and the
experiments correli’a well enough to confirm the reliability of the
pressure and expansion data and indicate that the computational model is

adequate.

Shock Attenvation Tests

Experimental Setup

The shock attenuation tests were conducted using the assembly shown
in Fig. 13. A l-in.~thick pad of COMP B was used as the explorive be-
cause of its well-characterized equation of state. To achieve a aearly
plane.vavé, we detorated the COMP B pad eimﬁltaneously at nineteen

points spaced ss uniformly as possible over the back surface of the pad.

Steel Coliar

.lStee! Driver - Phenolic Sleeve  Model Trench

- /

. / // / [ Xr[ 7 11ﬁ = P O pa =1 / 1 ya o aam
RN ) .

{ ~ Lead |1 |-Comp B (Explosivel g gin Neoprene Gasket

# % )

7 Z. W i e ‘

J

| [ l L——so ft.—————]
30 in. !

' MA-7285-1A

FIGURE 13 SHOCK TUBE DRIVER CONFIGURATION

The relative effects of the wvarious attenuatior mechanisms were
determined by measuring shock attenuatior. in a steel pipe, a deep-buried
fiber~reinforced concrete trench, and a shallou-buried fiber-reinforced

concrete trench, each having a length of 60 £t (120 diameters).

14
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Shock pressure in the trench was measured with pressure gages in
the wall of the trench (grout was used to place the gages ia the con-
crete ttenches). The gage coufiguration had an average density approx-
imating that of the trench so that the gages would move with the trench
wall. The time of arrival (TOA) of iransition zéne betweea shocked air
and the detonation products was also measured with custom-wade ioniza-~

tion probes which were sensitive to the electrical conductivity of the

gas in the tube.

Steel Pipe Experiment

' In the first shock atfenuntion test, the concrete treach was re-
placed Ly a steel pipe. This test defined the shock attenuation du= to
frictional drag on the walls of the pipe and due tc rarefactions origi-
nating upstream because of the fin e thickness of the explogive charge.
The pressure records are shown in Fig. .4. The peak pressure decressed
from about 4000 psi near the source to about 700 pal near the open end
of the pipe. . '

To check the pressure data, we calculated peak pressures from TOA
data and compared them with the measured peak pressure. Shock velocity
at each ataticn was obtained by fifting a polynomial to the TOA dats and
differentiating this polynomial with respect to time. A fourth—degree
polynomial gave the best fit. Based on the equations for consarvation
of mzss and momentum, the:relationship between shock velocit” and

pressure is -

P. - P = 2 EE
1 0 Yy +1 Yo

where v i3 specific volume, U is shock wvelocity, y is the ratio of
anecific heats, and P i3 the pressure. The subscript o refers to
conditions ahead of the shock f{ront; the subscript 1 refers to

conditions behind the shock fromt.

This equation was then used to ralculate the pssk gage pressure
Py-P, et each station. For the shocked air, we used values of y ranging

from y = 1.22 at a pressure of 4500 psi to y = 1.38 at 300 psi. The

15
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FIGURE 14 PRESSURE RECCARDS FROM A SHOCK ATTENUATION TEST WITH STEEL PIPE
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cosmparison between the calculsted snd measured peak pressures for the

three tests with steel pipe is shown in Fig. 15.

5000 T T T 17TT] T T T
- —
2000 |- .
O Test 101
1000 }— 0O Test 104
- A Tt 109
v - Calculated from time of arrival (TOA) data
- (TOA the same for ail three tests)
500 L1y ! L1
2 4 6 10 20 40 60

DISTANCE FROM S0URCE — feet
MA-7288-13A

FIGURE 156 PEAK PRESSURE VERSUS DISTANCE FOR THE THREE SHOCK ATTENUATION
TESTS USING STEEL PIPE

Al:ypicnl fonization probe record is shown in Fig. 16. The prode
records showed that the start of the transitiou xzone ranges from 0.2 eo
behind the shock front and 14 ft from the source to 3.5 ms bedind the
shock froat and 58 ft from the source. The probe records und the pres-~
sure records wrce uged to construct a plot of TOA of the shock froat and
nf the transition zone wversus distance from the gource. This plot is

shown in P1g. 17.
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FIGURE 18 TYPICAL IONIZATION PROBE RECORD
(Test with steel pipe, £8-t-;tandotf)
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FIGURE 17 TOA /SHOCK AND POINT CONTACT) VERSUS DISTANCE

FROM SQURCE FROM TEST 109
1-inch-thick Comp B Charge.
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Concrete Trenc™ Kxperizents

Two tests were couducted with coucrete treaches. In Tast 116, the
concrete trench was dburied 12 to 15 in. deep, 50 the only added attenua~
tisa effect relative to the steel tube was treach expsasion. In Tast
117, the trench was buried 2.3 f{n. deep, a depth scsled from the base-
line derign. This test had the added effects of asysmetrical expansion

and trench- to-surface venting.

The 66—£t—long concrete trenches were made up of 21 fiber-rein~
forced concrete trench sections; each with a 6-in.-ID, & 1-ia.-thick
wvall, and & leagth betweea 30 and 36 in. The same concrete and fiber
mix was used as in the short sections tested to study expansion and
venting. The compressive strength ranged :rom 4100 psi to 8600 pei and
averaged 6800 psi. The tensile splitting strength ranged from 800 pei
to 1800 pei and averaged 1400 psi. In the field, the individual trench
gections were joined together with epoxy. A laser was used for
alignment.

The soil was obtained from the same location at the RAYE IX3T sita

s used in the expansion and venting tests. It was backiilled into a
3-ft-wide, 3~ft-~deep excavation. PFor Test 117, the lisor was used to
aid in leveling tie soil surface to within 40.1 in. Por both tests, tha
scil was bdackfilled 1n layers of 4 to & in. ZEach layer was cowpected to
4 nowminal 110 15/!:3 dry density at e water coanteat of 3 to S percent
using a mechanical, gascline—engine—driven tamper. Actual dry densities
measursd ranged from 108 lblft3 to 116 lb/fta, with an average of 111
lblttj. Measured water coatents runged fvom 2.9 to 5.3 percent.

Radial displacement of the trench wall was measured with linear
varisble displacemant transducers (LVDTa). ihe LVDT cors was connected
to the outer trench wall at the springline dy a 2.5-in.-~long push rod.
Each LVUT body was bdecked up dby a 1l.5-in.-~diameter, 6—1#.-10«; steel
slug located 6 in. from the trench wall. Thue, the slug recssined
stationary until the shock wave in the s0il reached it (about 0.5 =s).
Because of its wass, the slug moved only a shcrt distance thereaftrer.
Thesa tests vere also photographed wich three high~speed camacas.

19
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In both tests, the concrete trench fractured over the entire
§50-ft length. 7PTor the deep-buried trench in Test 116, there was only
ninor breakout, with most pieces s.1ll under the soil cover. In Test
117, with the shallow depth of bdurial, the roof of the concrete trench

was thrown into the alir and pieces were lying to either side of the
trench axis. Tae trench delow the springlines expanded tadiilly 0.5 to
1.5 in., yet vis roighly in its originsl orientation. The fracture
patterns for Tests 116 and 117 were similar. The predominant fracture
wvas longitudinal. Longitudinsl cracks were from a few inches loag to 4
or 5 ft. The majority of longitudinal cracks ran unintesrrupted past the
trench joints. However, sowe trenci; [2ints failisd, causing the longitu-
dinal crack to end at the joint. Tha :rench fragwnts were smaller
closer to the driver, indicating that the number of cracks increases
with the pressure. The relation between pressure and nusber of cracks
vas similar to that found in the expansion and veanting tests oo short
concrete trench sections. The high-—speed movies showed that in Test
117, venting took place after the treach crown had displacad between

2.2 in. and 3.9 in. These displacements are higher than obdserved in the
short section expansion and venting tests, possibly because of the

thicker treach wall aad the lower pressure at the time of venting.

Interpretation of RBesults

We then compared the shock attenuation for the three types of
tests: steel pipe, deeply buried concrete trench, and coancrete trench
vith scaled soil cover. Figure 18 shcws a log-log plot for the peak
pressure versus distance for esach type of test. The curves are the peak

pressures calculated from the TOA dats., (As discussed earlier, these

. curves agree with the diacrete peak pressures measured in the tests.)

The pressare attenuation for the steel pipe, shown by the solid line, is
caused primarily by the finite thickness of the sourcs and by frictional
drag on the pipe walls. The pressure attenuation for the deep~duried

conerete trench, showm by the upper dashed line, should be the same as

[

that of the asteel nipe axcept for the effect of trench expansion.

Comparison of the solid and upper dsshed lines show that the effect of
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trench expansion was to decreare the pesk pressure by 55 percent at 58

ft from the source.

" The pressure attenuation for the concrete treanch with the scaled
80il cover, shown by the lower dashed line, should be the same as that
of the deep-buried concr-:e treach except for the effects of asymzmet -
rical expansion and crenci-to-surface venting. Couparison of the dashed
lines shows no difference in peak pressure for the first 40 ft of propa;
gation snd ounly a 15 perient decrease in pesk pcressure after a distance
of 58 ft. In these data, the effact of asymmetrical expansion of the
trench crown and the effect of venting cannot be separated; however, it
is clear that the combined attenuation effects of asymmetric exyahniou
and venting are minimal compared with the effect of simple expansion.

Aversnge springline welocities over the first millisecond after
shock grrival were determined from the LVDT records and are plotted in
Fig. 19. The closeness of the data from the two tests suggesis that for
the range of prossures and trench lengths in the these tusts, the a:téﬁ4
uating effect of upstream asyametric expansion and venting also has
littie or no effect on the impulse for up to 1 millizecond after shock

arrival dowustreas.

Conclusions

The =ajor conclusions from the expensién and venting tests are that

(1) Approximately symmetric longitudinal cracks form fa the
trench soon after shock arrival.

(2) Af?tr reflections from the free surface of the soil, the
1oof fragments and soil move vertically as a slug.

(3) Venting occurs directly sbove the roof when the bottom
of the slug reaches ihe original soil surface.
The data from the shock attenuation tests showed coﬂsistently lower
' peak pressures as more attenuation mechanisms were introduced. For
exasple, the effact of trench expansicn (concreée treach versus steel
pipe) was to decrease the peak pressure by 55 percent at an L/D of 116.
Por the test of a concrete trench with a scaled soil cover, the peak
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pressuce was the same as that of the deep-buried concrete trench for the
first 40 ft (L/D = 80). Thus ssymmerrical expansion of the treuch and
venting has no effect on peak pressure up to L/D = 80 and has only a
small effect (15 percent decrease) on peak pressure at L/D = 116.
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DYNAMIC CYLINDER TEST PROGRAM

by
Jerry E. Stephens, A.M. ASCE!

INTRODUCTTON

The Dynamic Cylinder Test (DCT) program consists of three tests on
models of the tube section of the generic, horizontal Missile-X (MX)
shelter (see Tabfe 1). The objective of the program is to analytically
and experimentally determine the loads on and response of the shelter
and adjacent soil media subjected to nuclear airblast and airblast-
induced ground shock loadings. The first two tests in the program, the
DCT-1 and DCT-2 tests, have been ccmpleted. The particular areas of
concern in these tests were,

1. the effects of structural detail (SALT ports, breakout joints,
mass simulator support (MSS) beams, floor, and thickness-to-radius (t/r)
ratio of the tube) on shelter response,

2. the character of the Toadings across the structure/soil inter-
faces, and

3. the development/refinement of nuclear blast simulation techniques.

The DCT-1 and DCT-2 tests were performed by the New Mexico Engineer-
ing Research Institute (NMERI) at the Civil Engineering Research Facility
{CERF) on Kirtland Air Force Base (KAFB), Albuquerque, New Mexico. In the

DCT-1 test, three shelter models were subjected to a side-on airblast

.
Research Engineer, Structural Mechanics Division, University of New Mexico,
New Mexicc Engineering Research Institute, Albuquerque, New Mexico.
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loading. In the DCT-2 test, twc shelter models were subjected to a
combined axial and transverse airblast load. The simulated nuclear
airblast loadings were generated usimi a High Explosive Simulation
Technique (HEST). The instrumentation 1h the tests consisted cof steel
strain, relative displacement, acceleration, structure/media interaction
(SMI), and rormal stress gages in the modg]s; and blast pressure and |
soi} stress and acceleration gages in the adjacent soil (freefield).

The behavior of the test structures was modeled analytically brior
to the tests. The effectiveness of the modeling techriques was avalu-

ated by comparing the calculated results with the test data.

TEST ARTICLE

Description

The DCT-1 and DCT-2 test structures were 1/5-size and 1/4.22 size
models, respectively, of the cylinder (tube) section of the generic MX
norizontal ﬁhelter, as shown in Figure 1. The DCT-1 structures,
designated the A, B, and C models, were open reinforced concrete cylin-
ders with a common outside diameter of 1.341 m and a cylinder t/r ratio
of 0.22 (Figure 2). Model A was a monolithic cylinder without SALT
ports or breakout joints. Model B had both SALT ports and breakout
joints. Model C had oniy SALT ports. The DCT-2 structures were rein-
forced concrete canisters capped with removeable closures., These
structures, desfgnated the D and E models, had a common outside diameter
of 1.341 m and cylinder t/r ratios of 0.28 and 0.19, respectively (Figure
3). The inside surface of the DCT-2 models was lined with sheet steel. %

These models also had SALT ports and mass simulator support beams.
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The zoncrete in the DCT-1 and DCT-2 models had a design 23-day
uncenfined compression strength of 59 MPa. The mix proportions for the
concrete are shown in Table 2. The location, percentage, and strength‘
of the reinforcing steels used in the models are indicated in Table 3.

The SALT ports in the DCT-1 and DCT-2 mode]; were removeable panels
spaced along the crown of the structure. The DCT-1 models each had
three ports; the DCT-2 moudels, two ports. These ports modeled the
missile-presence verification fnspection panels planned for the actual
shelter (such ports will possibly be required by future Strategic Ams
Limttation Talks (SALT) agreement). Each port consicted of a steel
1ined opening and mating 1id, as shcwn in Fiqure 4a. The ports were
reinforced consistent with the reinforcing in the main structure, with
the addition of shear ties encircling both the 1ids and the opentngs.

The treakout joints in the DCT-1 B model consisted of lap splices
in the circumferential‘re1nforc1nq bars located 45 deg on either side of
the crown of the cylinder, as shown in Figure 4b. These splices weré‘
purposely underdesigned to facilitate breakout of the missilz through
the crown of the cylinder pursuant to launch.

Each DCT-2 model contained two MSS beams cast integrally on the
model walls immediately below the springlines, as <hown {n Fiéure 4c.
These beams, running the full length of the cylinders, act as support
rails for a missile mass simulator deception deyice planned for the MX
system.

The closures and end walls on the DCT-Z models, consiructed of
reinforced concrete, were purposely overdesigned o insure thefr

survival during the test.

l
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TABLE 2.  CONCRETE MIX PROPORTIONS FOR THE
' DCT-1 AND DCT-2 MODELS

Cuantity
Material

A 0CT-1 bCT-2
Cement (Type 1) . 474 kg 595 kg
Fly ash ‘ 24 kg ——-
Fine aggregate {washed sand) 605 kg 648 kg
Coarse aggregate (9.5 mm crushed stone) 949 kg 943 kg
Water n 193 kg 191 kg
Pozzolith (Master Builders 300R) 1820 mi 3312 m
High range water reducer 7278 m) 11325 ml
{Master Builders LA-8) :
Yield : - 1md 1wl
STump 222 mtm 222 mm

[ Water/Cement ratio 0.35 0.32
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TABLE 3.  SUMMARY OF THE REINFORCING IN
THE DCT-1 AND £CT-2 MODELS

Reinforcement
Model Percent Ey Yolume
Description Type ;
Long. ;Circum.
xT-1 |
A,B,C Inner Cage #3 Grade 60 Bars 0.5 0.5
Outer Cage #3 Grade 60 Bars 0.5 { 0.5
DCT-2
D Inner Liner 2.7 mm A36 Plate 1.6 1.8
Quter Cage #3 Grade 60 Bars 0.2 0.5
E Inner Liner 2.7 mm A36 Plate 2.4 2.6
Quter Cage #3 Grade 60 Bars 0.2 0.5
‘ |
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Fabrication
| The DCT-1 and DCT-2 models were cast in a vertical orientation. The

inside of the DCT-1 models was formed using reuseable segmented steel

cylinders; the inside of the DCT-2 models, using the models permanent
inner steel lining. The requisite reinforcing cages were fabricated
around the inner forms. The outside forms, consisting of reuseable
segmented steel cylinders, slipped over the compieted inner form/rein-
forcing cage assembly. A uniformvwa11 thickness was maintained in the
models by placing steel spacer rods between ﬁhe inner‘and outer forms.
The models were cast using two vertical steel pipes placed between
the inner and outer form w§1ls. The pipes were placed in the models
during form assembly. The pipes were gradually withdrawn as the level of
concraete rose in the forms. Inspection holes were drilled in the lower
wall of each SALT port frame and an inspection panel cut in the outside
form to permit observation of the consolidation of the concrete under the
frame. Ouring casting, the concrete was consolidated using both external
and internal vibration. The SALT port 1ids were cast separately from thé
models using the same basic concrete used in the models but with a lower
slump (less water reducing agent was added to the m*x);
| The models were allowed to cure in the fofms undisturbed for a
minimem of seven days. The forms were subsequently stripped, the exposed
concrete surfaces sprayed with curing compound, and the models turned to
their nocrmal horizontal orientation. Turning of the models was accom-
plished using a special 1ifting fixture fabricated for this purpose.
During model fabricition, specimens were cast from each batch of

concrete for material strength and response testing. A1l sampling and
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testing was performed in accordance with the applicable American Societx

for Testing and Materials (ASTM) standards.

TEST FACILITY

The DCT-1 aﬁd DCT-2 tests were conducted at the CERF McCormick Ranch
test site. The layout of the DCT-1 and DCT-2 testbeds is shown in Figures
5 and 6, respectively. The soil profiles at the two testbed locations are
shown in Figure 7. ‘Ih the DCT-1 test, the mode]s were situated parallel
in the testbed, perpendicu]af to the direction of propagation of the afr-
blast load. In the DCT-2 test, the models were placed parallel in the
testbed, parallel to the direction of propagatioh of the airblast loadf
The DCT-1 models were buried 305 mm Se]ow the ground surface; the DCT-2
models, 361 mm.. In both tests the models were placed in 120 deg cradles
cut in situ McCormick’Ranch soil. The DCT-1 models rested on a thin 1ayer
of soil matching grout poured in the cradles. The DCT-Z models were
seated in the cradles on a 25 mm layer of moist sand. On ejther side of
the cradles was a 356 mm wide horizontal bench.- The sides of the trenches
around the models sloped at 45 deg from the edge nf the bench to the
ground surface. The trenches were backfilled with native McCormick Ranch
soil cdnpacted to a target unit weight of 1760 kg/m3. The density of the
recompacted material was checked at 200 mm intervals using a Troxle;
nuclear density heter. At thé SALT ports, a sheet of plastic was placed
in the backfill isolating the f111‘material over the ports from the rest
of the backfill. The backfiil nver the SALT ports in the DCT-1 B model
was compacted to a target unit weight of 1602 kg/m3. The backfill over the

rest of the SALT ports was compacted to a target unit weight of 1760 kg/mS.
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In the DCT-2 test, at the closure end of the models, a concrete
headwall was constructed transverse to the models. The models extended
through this wall, with the surface of their closures flush with the

surface of the wall. The wall, 229 mm thick, was constructed of concrete

with a design 28-day unconfined compression strength of 34 MPa. The wall

was reinforced 0.5'percent by Qo]une. This headwall functiuned as part
|

of the 2nvironment simulator aﬁd was not intended to accurately model any

|
portion of the actual shelter system.

1
|

TEST ENVIRONMENT
.
|
The DCT-1 and DCT-2 test environments were generated using HEST's.

‘ !
A HEST is a method for simulatipg the incident airblast overpressure and

airblast-induced ground shock mgtions resulting from a nuclear explesion;
it consists of an explosion cav%ty confined by an earthen overburden
placed over a testbed. The des%red peak overpressure and impulse time
history are produced by varyingéthe charge and overburden densities and
the cavity and overburden dimengions. The proposed KESTs for the DCV-1
and DCT-2 tests were designed u%ing the Air Force Weapons Laboratory
(AFWL) Lock-up Impulse Code (Reference 1).

The required environment fér the DCT-1 test consisted of a traveling
ajrblast at the 3.0 MPa peak overbressure range from the near surface
detonat’on of a 24 kt (scaled) ;1e}d nuclear weapon (Figure 8). The
airblast had to sweep the testb;d side-on to the structures at a rate
simulating a nuclear airblast t%aversing a berm with slope of 1/10. Tne
ajrblast pressure and impulse tfme histories for this environment are
shown in Figure 9. The HEST designed to generate this enviromment

|
|
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consisted of a 100 percent foam filled explosion cavity, 333 mm high,
covered with 1.22 m of overburden, as shown in Figure 5. The charge
density of the cavity was 6.25 kg/m3. The cavity contained four layers
of 0.085 kg/m detonation cord. The cord was place in,;kewed'paralle]
arrays to produce the desired airblast propagation rate. The sweep rate
of the airblast was adjusted to a value of 1653 m/s sc that the angle of
incidence of the shock wave induced in tne soil matched that which would
be induced fdr an airblast sweeping a 1/10 slope. The overburden on the
exp1osion'cav1ty consisted of uncemented, uncanpacted McCormick Ranch
soil placed at a unit weight of 1442 kg/m3.

The required environment for the DCT-2 test consisted of a traveling
nuclear airblast with 3,4'0 MPa peak overpressure and scaled 40 kt yield.
The airblast had to sweep across the models at an attack angle of 50 deg
(Figure 8). This environment was modeled by applying a combined axial
and transverse load to the structures using a vertical and a horizontal
HEST, respectively. The airblast pressure and impulse curves associated
with these environments are shown in Figure 10.  The 9ert1ca1 HEST,
generating a design 18.0 MPa peak overpressure, consisted of a 100 per-
cent foam filled explosion cavity; 457 mm wide, bermed with 1.83 m of
soil placed at 1441 kg/m3 (Figure 6). The HEST was constructed directly
against the headwall and model closures. The charge density in tﬁe HEST
cavity was 16.66 kg/m3. The cavity contained six layers of 0.085 kg/m
detonation cord. The HEST was fired vertically from top to bottom at a
shock propagation rate of 6400 m/s (maximum burn rate‘for the detonation
cord used). The horizontal HEST, generating the transverse load, con-

sisted of a 100 percent foam filled cavity 318 mm high, covered with
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1.83 m of overburden placed at a unit weight of 1441 kg/m (Figure 6).

The charge density in the cavity was 5.01 kg/m . The cavity contained

e e g

four layers of 0.085 kg/m detonation cord. The cord was placed in skewed
parallel arrays to produce an airblast propagation rate parallel to the
models of 3005 m/s. Detonation of the vertical and horizontal HESTs was
staggered 50 as to simulate the smooth sweep of an airblast across the

J

testbed.

Prior tu each of the main test events, two calibration tests were
conducted usi.:3 the proposed HEST designs to check the adequacy of the
generated simulations.

INSTRUMENTATICN

The instrumentation layouts fcr the I£T7-1 and DCT-2 tests are shown

in Figures 11 and 12, resnectively. The structural instrumentation in

the models consisted of strain, relative displacement, acceleration, and
SMI gages. Stress and acceleration gijes were also placed in the recom- ,
pacted soil inmediately adjacent to the models and in situ soil. The

airblast loading generated by the HESTs was measured using blast pressure

gages. The number and type of transducer employed feor each kind of
| measurement are indicated in Table 4. The instrumentation in the DCT-1
test was positicned primarily to monitor ovaling response of the cylinders.
In the DCT-2 test, the instrumentation was positioned to monitor both the
i ovaling and axial response of the models.
Hoop strain was measured at several locations on the circumferential
reinforcing bars in the DCT-1 models and on the circumferential reinforcing

bars and liner steel in the DCT-2 models. Axial strain measurements were ;
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TABLE 4.  SUMMARY OF DCT-1 AND DCT-2 INSTRUMENTATION
Number of Channels
Location Tyne Make/Model
o DCT-1 0CT-2
Freefield Blast Pressure Kulite 12 19
' HKS-11~375-5K
Acceleration Endevce 32 33
2264A-2KR
Soil Stress Kulite 34 19
| LQX-080-8U
hard diaphragm
Structure Steel Strain Micro- 87 92
Measuyrements
MM-EA-0€-5006C-
350 (Rebar)
1 Bean -— 39
BAE-06-25"8B-
350TE {Liner)
Relative Maurey 12 12
Displacement
Acceleration Endevco i8 28
2264A-2XR
SMI NMERI-built 96 78
TOTAL 291 320
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also taken on the longitudinal reinforcing bars in the DCT-Z models.
Epoxy bonded gages were used at all strain gage locations. At each rein-
forcing bar installation, two gages ware mounted on the bar. These Qages
were wired so that local beading effects cancelled.

Crown-to-invert and spring!iné—to—spring]ine relative displacements
were measured at several locations in each model using linear potentio-

- meters, The potentiometers were mounted across passive relative displace-
ment gages. :

Radial structural accelerations were measured at the crown, invert,
and springlines of all models. At the sprinalines of the DCT-2 mudels,
Jongitudinal accelerations were also measured. The accelerometers were
mounted on the interior wall of the models.

Force interactions at the soil/structure interface were measured in
both tests using NMERI built SMI gages. The SM1 transducer provides a
measurement of three mutually orthogonal dynamic stress vector histories,
normal stress, circurferential shear stress, and Tongitudinal shear stress,
at the structure/media interface (Reference 2). The SMI Qages were
mounted in canisters cast in the riwdels during construction. In both the
OCT--1 and DCT-2 tests. normal and circumferential shear stress were
measured at several locations around tne model, circumference. In the
OCT-2 test, longitudinal structure/soil shear stresses were also monitored.

High speed motion picture documentation of the response of the
interior of the DCT-2 mdels was performad. Emphasis was placed on
observing the behavior of the SALT ports.

A1l power and signal wires to the model nstrumentation were routed

on the inside of the models. The wires were collectively exited through
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cable access pipes at the ends of the models.

Soil stress and motion were measured in the OCT-1 and DCT-2 tests
with soil-stress gages (WES type) and accelerometers, respectively. The
soil stress gages, mounted in aluminum padd.es, were positioned to measure

radial soil stress at the crown, invert, énd springlines of the models.

Soil accelerations were measured with accelerometers mounted in epoxy
canisters. Measurements were taken at the soil stress gage locations and
at locations between the models in situ material.

The ajrblast loading generated by the HESTs were measured with blast
preésure gages mounted on the surface of the e#p]osion cavities. The

. gages in the horizontal HESTs were mounted in concrete cylinders placed
in the soii f1ushlw1th'the surface of the testbed. The gage§ in the
vertical HEST {DCT-2 only) were mounted in steel canisters cast in the
headwall and méde] closures.

The instrumentation signals were recorded in vans located 600 m from
the testbeds. Conditioning and amplification of the electrical signals
from the strain, acceleration, and blast pressure measyrements were
provided by downho]e mini-conditioners located in a splice bunker 30 m
from the testbeds. The signals from the relative displacement, SMI,land
soil stress gages were amplified and conditioned in the vans. The signals

were recorded using 28 tract Ampex recorders,

FRETEST ANALYSIS

DCT-1 Test
The DCT-1 pretest calculations were performed using the finite

element computer code SAMSON and the finite difference code DEPROSS.




SAMSON is a two-dimensional (2-D) dynamic finite element computer code
originally developed by the I11inois Institute of Technology Research
Institute; it has been modified and expanded by AFWL (Reference 3). The
code is particularly suited for handling problems involving nonlinear
material properties and a large number of degrees of freedom. The SAMSON
code was used in the DCT-1 test to predict ovaling related velocity,
displacement, and strain in the structures and stress at the 5011/
structure interfaces. DEPROSS is a dynamic finite difference code
developed at the Massachusetts Institute of Technology (Reference 4).
The DEPROSS code can accomodate both geometric and material nonlinearities
~in a structure. The DEPROSS code was used to investigate the response of
the breakout joints in the B model.

The 2-D model used for the DCT-1 SAMSON prediction consisted of the

test structure, the McCormick Ranch backfill, and a section of the in situ

McCormick Ranch soil. Roller boundary conditions were applied at botn the |

vertical boundaries and the bottom nodes of the structure/soil-island grid.
S1iding separating boundaries were assumed at the contact surface between
the structure and soils, and between the SALT ports and the hain portion of
the structure. The sliding phenomenon is characierized in the SAMébN code
by the Coulomb friction law and is limited to small displacement behavior.
The reinforced concrete, in situ soil, and backfill soils in the model
were treated as piecewise linear elastic-plastic materials. The surface
of the structure/soil-island was loaded with a piecewise linear approxima-
tion of the design airblast pressure time history.

In the DCT-1 DEPROSS calculations only half of the cylinder was

modeled since the structure and loading were assumed symmetric. The model
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of the structure was divided into circumferential segments, with the

segments divided into discrete corncrete and steel layers. The concrete
and steel were modeled as piecewise linear elastic-plastic materials.
The model was loaded by forces applied through the displacement of
springs representing the soil adjacent to the ctructure. The outside
ends of the springs wera driven by soil motions derived from the motions
of the boundary of a vo’d in a soil medium under a surface airblast load.

Based on the SAMSUN and DEPROSS calculations, the following predic-
tions were made for the DCT-1 test.

1. The principal structura?l respohse would be ovaling, with the
long axis of the elliptical deflected shape horizonta]. Tensile strains
would develop sufficient to cause cracking in the models on the.inner '
surfaces at the crown and invert and outer surfaces at the spring]ines‘

2. The strains at the breakout joints.in model B would be signifi-
cantly below yield values.

3. The peak reflected interface normal stresses at the crown of the
models would be approximately twice the level of the incident peak over-
pressure. The largest reflected peak overpressures would occur over the
SALT por*ts with Joose backfill (model B).

4. The peak interface normal strasses at the springlines and invert
of the models would be, respectively, 80 and 50 percent lower than the
peak normal stress at the crown.

DCT-2 Test

The DCT-2 pretest predictions were performed using three simpiified

computational techniques. A computer or minicemputer is required for

these techniques. They are, however, fairly inexpensive and offor a
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detailed treatment of the dynamics of the response of the test structures.
The three techniques employed were,

1. A Two-Degree-of-Freedom (TDOF) Prograr to investigate the ovaling
response and to determine an éverage normal load around the circumference
of the structure.

2. A Multi-Degree-of-Freedom Elastic-Plastic Spring Mass Program
(MDFSMI) to model the axial response.

3. A Multi-Degree-of-Freedom Beam-Column (BEAMCO) Model to investi-
gate the beam-column action.

These simplified procedures assume that the effects of ovaling and axial/
beam bending can be decoup]éd and solved separately.

The ovaling of the cylinders was ﬁredicted by a program that models
the cylinder as two masses lumped at the crown and invert. The masses
are connected by a spring which represents the stiffness of the cylinder
in flexure and includes the stiffness resuTting from the soi]‘adjacent 1o
. the spring]ihes. This system is driven by forces applied through the
displacement of springs representing the soil adjacent to the crown and %
invért; The forced displacements on the outside ends of the soil springs :
are derived from the displacements of the boundaries of a void in an
elastic medium under a pressure load. The calculated displacements of
the crown and invert of the cylinder are used to determine a change in
curvature and thus bending strains and stresses in the cylinder (Refer- %
ence 5). ‘

The dynamic axial response of the structures was calculated using a
computer code called SPRING (Reference 6). It is a one-dimensional

(axial only) multi-degree-of-freedom spring-mass code that models the
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structure as a series of lumped masses jojned hy springs and dashpots.

The computer code SPRING has a subroutine, MATCON, that is used to
calculate the forces generated by the springs that represent the concrete.
The material model used by MATCON is a strain softening model that unloads
along the slope of the initial elastic modulus. The material model also
contains a tension cut off. In addition to the concrete, the structures
also contained steel liners and reinforcing bars, each of different
strength. The steel springs were modeled by an elastic plastic materia]l
that allows cyclic loading and tensile or cc-oressive failure. One set
of SPRING calculations was performed including shear force interactions

at the structure/soil interface.

The beam column response of the structures was modeled using BEAMCO.
BEAMCO, a modified version of the code DEPROSS, is a multi-degree-of-free-
dom spring-lumped-mass program that treats the cylindrical shelter as an
equivalent (equal area and moment nf inertia) rectangular beam resting on
an elastic foundation (Reference 5). The applied loading used in the

BEAMCO calculations consister of a time dependent axial load and an end '

moment applied at the frunt of the model. An end moment was applied to

the model purely for investigative purpcses and did not represent any

expected load condition. Axial shear forces were also appiied to the

BEAMCO model to simulate the shear at the soil/stiucture interface result-

ing from axial displacements of the shelter relative to the soil. In the

BEAMCO analysis, the structure was represented by 80 mass nodes, the first

three simulating the headworks and door region; the remaining ones, the

tube. Fach node was divided into eight equal flanges. The foundations !

soils were treated as elastic material represented by springs applied
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nerpendicular to the axis oV the‘cylinder (beam).

Based on the simplified calculations performed, the following
predictions were made for the DCT-2 test,

1. The cylinders would not fail in the ovaling mode.

2. The cylinders would not fail under tne axial load, un]eés the

axial load acted eccentrically.

TEST RESULTS

The DCT-1 models sustained minima)l demage during the test. A1l the
models ovaled under the applied load, with the long axis of the e]iipticaf
deflected shape horizontal. The ovaling deformation caused 1oﬁgitudina1
tension cracks in the model walls on the inside surface at the crown and
invert and outside surface at the springlines. A sketch of the typical
damage observed in a DCT-1 model is presented in Figure 13. Similar
patterns and degrees of distress were observed in all the models. The
structural response data obtained from the test was similar for all models
and supported fhe distress patterns observed. The level of damage of the
SALT ports was consistent with the damage observed in the main structure,
with the exception of a longitudfnal compression crack seen on the outside
surface of the SALT ports in the B model. The effect on shelter response
of varying structural details (breakout joint, floor, aﬁd 3ALT port) and
SALT port backfili densities was minimal. The SMI data from the test
indicated the structures moved vertically downward relative to the soil
and translated horizontally in the direction of propagation of the air-
blast. .

In the DCT-2 test, the models exhibited both ovaiing and axizl/beam

e v e L T



»/

(St

LY

o
=

Ly

Sy

oy

ns .
SN

g

e

AT

ety
P

Cay,

WM.

J49AU]

*~ Jup|buyads

:lchu

auy | butads

149Au]

*Pajeapuy se Buj|ieds 40j 3d30x3 ‘apym ww { uey} s$s3| mxuaxu‘~_< 190N

1
~

[~ e,
h~———

S ——

1

081

0Le

uojjebedoad

ISP(QAIR 40 U0}333.44(Q

08l

B prusss——— ]




bending distress. A sketch of the damage observed on the exterior

surface of the DCT-2 D model is presented in Figure 14. The damage

.sustained by the thinner walled E modé] was similar in nature to, but

more severe in degree than, the damage sustained by the D model. .
Longitudinal tension cracks were observed in the exterior surfaces of the
models at the sprirglines, indicating ovaling of the models occurred
under the transverse lcad. Circumferential tension cracks were observéd
at the iﬁvert of the models opposite the SALT ports. At the first SALT
port, these tension cracks were accompanied by compression buckling of
the interior steel Tiner in the upper (crown) portion of the models. In
the £ model, major éompressioh éracks were observed in the exterior wall
paralleling the compression buckles in the interior steel liner. Tbis
distress pattern (tension at the invert, compression at the'crown) is
consistent with that produced by longitudinally bending the structure in
a "smile" mode. The test data, préséntly under examination, supports

these observed distress patterns.

SUMMARY AMD COMCLUSIONS

The objective of the Dynamic Cylinder Test (DCT) program was to
analytically and experimentally determine the response of a buried MX
horizontal shelter subjected to a nuclear airblast. The first two tests
in the program, the DCT-1 and DCT-2 tests, have been complieted. These
tests were concerned with the effect of structural detail on”shelter
response and the character of the structure/scii interaction ioadings on
the shelter. Pretest predictions were performed for each test. The

prediction technigues were evaluatei using the test data.
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In the DCT-1 test, three 1/5-size models of the cylinder (tube)

section of the shelter were loaded sideon with a simulated| nuclear air-

blast. The -est articles, constructed of reinforced concr?te, consisted
of a monolithic tube, a tube with inspection panels, and agtube wit
inspection panels and missile treakout joints. In the DCT-2 test, two
1/4.22-51ze models of the shelter tube were subjected to aEcombined axial
and transverse load. The two models had different wall thlcknesses. The

structural fnstrumentation in both tests consisted of stra*n, acceleration,
relative displacement, and structure/mediaV1nteraction gag%s. The free-
field instrumentation in the tests consisted cf blast pres%ure gages and
soil stress and acceleration gages. The DCT-2 test al<o i#c]uded high
speed photographic documentation of the interior of the mo%els during the
test. | : %

The DCT-1 structures ovaled under the sideon load. Tﬁe observed
distress patterns, similar in all the models, consisted of?longitudina?
tension cracks or the inside wall at the crown and 1nvert,§and on the
outside wall at the springlines. The presence of inspecti&n panels and
breakout joints in the models had minimal effect on respon;e. The ICT-2
structures ovaled in a similar fashion to the DCT-] mﬁde1sjunder the
transverse load applied in the D{T-2 test. 1In the DCT-2 test, axial/beam
bending distress was also observed in the mndels. A significant axial/
beam bending failure occurred in the thin walled model at ghe first SALT
port. |

The behavior of the OCT-1 structures was mndeled ana]yiica11y prior

to the test using a finite element and a finfite difference computer code. -

A comparison of *he test and predicted response indicated both codes
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correctly predicted the overall behavior of the models. Problems were
encountered in both calculations with the parameters input in the soil
material models and the techniques selected to model behavior at the
sofl/structure interface. The pretest predictions for the DCT-2 test
were performed using a spring-mass, a two-degree-of-freedom, and a beam
on elastic foundation code to determine axial, ovaling, and longitudiﬁal
bending response of thg structures, respectively. These codes, general

by nature, adequately predicted the gross response of the structures.
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KEY WORDS: dynamics; missile; Missile-X (MX); nuclear explosions;
reinforced concrete; structural analysis; structure/media inter-
action

ABSTRACT: The response of buried horizontal MX missile shelters
to simulated nuclear airblast and airblast induced ground shock
loadings is investigated. Two tests were conducted on scaled
reinforced concrete models to examine the effect of structural
varfations on shelter response and to characterize the loadings
across the shelter/soil interface. Pretest calculations were
performed for each test. The effectiveness of the calculation
techniques was evaluated through comparison of the test and
predicted results,
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SUMMARY: Dynamic Cylinder Test Program, by Jerry E. Stephens.
In the Dynamic Cylinder Test Program the response of horizontal
Missile-X (MX) shelters to nuclear airblast loadings was in-
vestigated both experimentally and analytically. The program
“emphasized the effect of structural variations on response

and load characterization across structure/soil interfaces.
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Figure 1. DCT test article.

Figure 2. DCT-1 model detail.

Figure 3. DCT-2 model detail.

Figure 4. DCT structural details.

Figure 5. © DCT-1 test-bed layout.

Figure 6.  ~ DCT-2 test-be¢ layout.

Figure 7. In situ soil profiles, DCT-1 and DCT-2 test-beds.

Figure 8. Direction of sirmulated nuclear airblast attacks, DCT-1 and
DCT-2 test-beds. '

Figure 9. Design airblast environment for the DCT-1 test.

Figure 10. Design environment for the DCT-2 test.

Figure 11, Typical model 1nstf§mentation fn the DCT-1 test.

Figure 12. Typical model instrumentation in the DCT-2 test.

Figure 13. Distress patterns in the exterior surface of the DCT-1 B model.

Figure 14. Distress patterns in the exterior surface of the DCT-2 D model.
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PROTECTIVE VERTICAL SHELTERS

by
Ian Narain, A.M. ASCE!

Jerry Stephens, A.M. ASCE2
Gery Landon, A.M. ASCE3

INTRODUCTION

This paper describes the test program eatitled GOVS {Giant Reusable
Airblast Simulator (GRABS) on Vertical Shelters) which was an investiga-
tion of the response of vertical shelters for Missile-X (MX) to vertical
airblast and to airblast-induced ground-shock loadings. Specifically
under investigation in these tests were the effects of site geology
(depth to bedrock) and structural detail (presence of a shelter transition
section, thickness-to-radius ratio (t/r) of the shelter tube section, and
concrete strength) on snelter response. In addition, the results of these
tests were used to evaluate analytical computer procedures, to correlate
static and dynamic test data, and to provide information fer research
relating to'shock isolation systems (SIS).

The GOVS program consisted of three tests conducted on models one-
sixth the size of a generic vertical shelter. The models were constructed,

instrumerited, and dynamically tested by the New Mexico Engineering Research

Institute (NMERI) at the Eric H. Wang Civil Engineering Research Facility

(CERF) or Kirtland Air Force Base (KAFB), Albuquerque, New Mexico. One

1
Research Engineer, Structural Mechanics Division, University of New Mexico,
New Mexico Engineering Research Institute, Albuquerque, New Mexico.

Research Engineer, Structural Mechanics Division, University of New Mexico,
New Mexico Engineering Research Institute, AlLuquerque, Mew Mexico.

3
Research Engineer, Structural Mechanics Division, University of New Mexico,
New Mexico Engineering Research Institute, Albuquerque, New Mexico.
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model of shelter configuration A and two models of shelter configuration
B were tested individually in the GRABS facility at CERF (see Figure 1).

The test-bed #or each test was composed of dry sand rained into place
at a uniform density around the test structure. Model instrumentation
included blast-pressure gages,’accelerometers, velocity gages, strain
gageé, structure-media interaction (SMI) gages, interface-pressure gages,
and relative-displacement gages. Test-bed instrumentation consisted of
b]ast-pressure, so&] -stress, and acceleration gages.

The design enb1ronwent ﬁ?rcﬁ?vs‘l‘consisted of a vertical airblast
with a peak overpressure of 8. ;ZMP:sand a scaled yieid of 23 kt (scaled
5 Mt). The design| environments for GOVS-2 and GOVS-3 were the same as the
actual GOVS-1 testienvironment. This environment was generated by the
High-Explosives Sibulation Technique (HEST). Three calibration tests were
conducted in the GLABS facility to define the HEST structure for the GOVS
tests.

A SAMSON dyn%nic finite-element computer code provided pretest
predictions of strésses and mot1ons within both the structure and the free.-
" field. The code generated acceleration, velocity, displacement, and stress
and strain histories for the structure and the soil. An axisymmetric model
of the test layou# was assumed. The structure and test-bed materials were
modeled in the caicu]ation as piecewise linear, elastic-plastic materials.

]

| TEST DESCRIPTION

| ]

Shelter Models

The generic Mx vertical shelter is basically a large, reinforced-

concrete canister capped with a removable closure. The specific !
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configurations of vertical shelter types A and B are shown in Figure 1.
Both the full-size shelter dimensions and the correéponding model
dimensions are indicated on this figure. The model dimensions were
scaled from the full-size dimensions by a factor of 1/5.85, rather than
1/6, so that commercially avaiiable form material could be used in the
construction of the model. The geometry of the closure, headworks, and
basé was ider:ical for both shelter configurations. The tube in sheltzy
A, however, had a full-size wall thickness of 305 mm in comparison to
the 610-mm tube wall thickness for full-size shelter B. The reduction
of the wall thickness in shelter A was accomplished by means of a
transition section placed between the headworks and the tube.

The shelter models were constructed of conventionally reinforced
concrete. The concrete in the A and B models had design 28-day unconfined
comprescion strengths of 27.6 MPa and 41.1 MPa, respectively. The mix
proportions are reported in Table 1. Type 1I high-early portland cement
was used in the mixes. The maximum size of the aggregate in the concrete
was 6.4 mm. :

The percentages of steel reinforcement used in the CGOVS models are
]isted iﬁ Table 2. The primary reinforcement in the headworks, transition,
and tube of modei A was D-2.5 deformed wire. The primary reinforcement in
the headworks and tube of the B models was No. 2 ceformed bars. All model
bases were reinforcéd with No. 4 deformed bars. The stirrups in the
models consisted of 2.4-mm-djameter wire for the A model and 3.2-mm-
diameter wire for the B models. The tensile yield strengths of the D-Z.S
deformed wire, the No. 2 deformed bars, and the No. 4 deformed bars were

483, 480, and 414 MPa, respectively.
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TABLE 1. GOVS CONCRETE MIX PROPORTIONS (PER YARDS)

- Models 81 and B2

Content ' . Model A and ali Closures
- Cement, in kilograms o 299 342
Fine aggregate, in kilograms 927 795

Coarse (6.4-millimeters)

aggregate, in kilograms 245 532
Water, in kilograms , ']89 155

~ Pozzoligh, in milliliters 1183 1124
Entrained air, as a’peréentage 3 ‘ 3
Slump, in millimeters 127 127

Water/cement ratio 0.63 0.45

[




TABLE 2. MODEL REINFORCEMENT PERCENTAGES

Longitudinal Steel, Hoop Steel, Radial Steel,
as a Percentage as a Percentage | as a Percentage
Model of Volume of Volume of Volume
- GOVS GOVS GOVS
A
Headwerks 0.94 0.50 0.12
Transition 0.98 0.99 0.13
Tube 1.03 1.00 0.11
B
Headworks 0.97 0.50 ————
Tube 0.97 1.00 0.19
/
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The structure closures, identical for all three modeTs. were rein-
forced with No. 4 bars. The concrete used in the closures had a 28-day
unconfined compression strength of 41.4 MPa. The shells and liners were
studded with 6.44-mm-diameter Nelson studs. In each model, the closure
was anchored with eight 12.7-mm-diameter A325 bolts (tensile ultimate
streﬁgth of 828 MPa) to a steel ring welded to the headworks liner. A
pressure penetration seal, which consisted of 2 51-mm-wide by 3.3-mm- |

thick circular plate, was welded to the closure liners.

MODEL FABRICATION

Fabrication of the models was accomplished in three phases, form
assembly, constructing the reinforcing cage, and casting and curing the
concrete. The vertical shelter models were constructed in an invertied
position. The forms for the inside walls were fiber-void tubes. The‘
bottom end nf the void tube wés-anchored against the steel lining of the
headworks. Approximately 2 m of sand were placed in the tube for

additional support. The upper end of the tube was capped with a plywood

.. disk. The reinforcing cage for each model was fabricated around the

completed inside form. A1l instrumentaticn leads were routed to the
inside of the model.

The outside form was slipped over the assembled reinforcing cage.
This form consisted of a steel liner divided longitudinally into five
approximately equal segments. The segment-to-segment connections were
covered with steel bands. A uniform wall thickness was maintained in the
tube section by steel rod spacers placed between the inner and outer forms.

EFach model was cast in five approximately equal sections from two batches

S am m e e e e e b - t—— - tan ——
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of coacrete., A steel funnel ciamped around the tops cf tie form segments
was used to facilitate concrete placement. The concrete was consolidated
by four air-driven form vibrators, three attached to the funnel and one
attached to the base plate of the model.
ﬁhen the mode? had been cast, the exposed concrete surfaces weré

sprayed with curing compound. The model was allowed to cure for about one
weei. The outside forms were then stripped, and the model was placed in a
horizontal position and was iransported to the GRABS facility, where the
inside forms were stripped. The models were instrumcnted at the test site
while they were still lying in the horizontal positionf

" Test specimens were cast from each batch of concrete for materiai
strength and response testing. The sampling and testing program for this
concrete is summarized in Table 3. Most of the concrete specimens were
molded and cured in the laboratory according to the standards of the
Aﬁerican Society for Testing and Materials (ASTM); exceptions are indicated
in Table 3. In addition to the tests on the concrete specimens, tensile
stress-strain tests and pull-out tests were conducted on each size of

--reinforcing bar (wire) used in the models.

I:STRUMENTATION

Both electrical (active) and mechanical (passive) measurements ware
taken durirg the GOVS events. The electrical gages measured strain, SMI,
blast pressure, model motions, free-field mection and stress, interface
pressure, and relative model displacement. The mechanical devices
measured only relative model displacement. Model and free-field :nstru-

mentation-locations are given in Figure 2. An average of 163 channels
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—rr Measurement Symbol Number
”E—:D-—o-—-]
’ Blast Pressure (BP) a 4
i " Velocity (V) o 1
g <?’ Acceleration (A) o 3
l\ ! ! Structure-Media
X L R Interaction (SMI) o 18
“.' A J) S Steel Strain (SE) fore 28
?1 f § Concrete Strain (CE) i 4
: ' (e Relative
; ') Displacement (RD)
nl ! 0-180 degree . o- o
! ! 90-270 degree . A 1
—_—t 4 .
| |
|
,I, el ® || Acceleration (A) o 2
- : Structure-Media '
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I : 9 Displacement (RD) 1 or A
: ' il 7 Cable Exits @
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; ® i |
| T
| ; | Velocity (V) o 1
! | Acceleration (A) o 5
! X : Structure-Media
}i | Interaction (SM1) o 13
{ —- : - Steel Strain (SE) ) or 14
S 0 A < Relative | ‘
A
: I : P Displacement (RD) = or 2
| 9 Interface g
: : i Pressure (IP) 4
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was recorded in each test.

Strain measurements were taken on the reinforcing bar (rebar), on the
steel liners of the closure and the headworks, and on the faces of each
model wall. The closure gages were located where they would indicate
flexural behavior, as were the rebar gages in the model base. Vertical
gageé installed on the longitudinal rebar in the mode} measured axial and
flexural behavior. Gages were placed on the hoop reinforcement t6 indicate

tangential compression and extension modes of behavior.

Blast-pressure measurements were taken in both the model closure and
the free-field. Four gages were located in the closure and six in the free-
field to ensure adequate pressure-history data and also to check the
symmetry and uniformity of the loading. The blast-pressure gages, enclosed
in steel canisters, were cast in the concreie during the construction of
the closures and were enclosed in 305-mm-diameter by 610-mm-deep concrete
canisters for the free-field measurements. A1l blast-pressure éages were
protected with a debris shield.

Velocity gages and accelerometers were used for measuring mode]
motions. Velccity measurements were taken on the bottom of the closure and
on the base of the model in the vertical direction witﬁ Sandia-*ype DX
velocity gages. Acceleration measurements were also taken on the.model
closure and base and at two cther locations along the length of the tube.

Structure-media interaction measurements were taken electronically
with NMERI-built SMI gages and Waterwiys Experiment Station (QES) Air Force-
Modified {WAM) interface pressure gages. The SMI transducer provides a
measurement of three mutually orthogonal dynamic stress vector histories,

normal stress, horizontal shear stress and tangential shear stress, at the
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structure-media interface (Reference 5); The gages were mounted in
canisters cast in the model during construction and were located in such
a way that normal, vertical, and tangential input locading to the
structure could be determined at critical points.

Radial compression and extension of the tube section were measured
with active linear potentiometers mounted in parallel on passive scratch
gages. |

Free-field stress end mqticn were measured with soil-stress gages
(WES type) and accelerometers, respectively. Radial sensing gages were
paired with vertical sensing gages at various locations %o determina
vertical-to-horizontal stress and moticn ratios. The soil-stress gages,
with vertical sensing axes, were firmly pressed into the tesi-béd and
covered with rained sand. The soil-stress gages, with horizontal or
radial sensing axes, were positioned on vertfca] subport wires which were
implanted into the test-bed. Soil accelerations were measured with
accelerometers mounted in epoxy canisters.

The transducer data were recbrded in vans, which were jocated
approximately 150 m‘frun the test fatilfty. The recording equipment used
in the GOVS test events is listed in Table 4. The recorded test data were
reduced to computer-produced plots by the Air Force Weapons Laboratory

(AFWL) Data Processing Division.

TEST FACILITY

The GRABS facility, located on KAFB, consists of a 5.49-m-djameter,
14.63-m-deep reinforced concrete ¢ylinder empiaced in a massive limestone

formation. The facility has a 533-mm-thick wall and a 533-mm-thick base;




TABLE 4. GOVS RECORDING EQUIPMENT
Recording Signal AnoliFiers Recording Equipment
Van Conditioners P )
Free-field Model
' ' BH YR 3700 B,
. Van E7‘ B&F 1-700 | B&F 702-10D 3300 -
1 BH VR 3700 B
Yan 4 B&F 1-234-1 | B&F 702-10D --- Ampex CP 100
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both are lined with 6.4-tm-thick steel plate. Construction of the test
facility is described in Reference 2. The geometry of the test facility,
and the rock properties, is shown in Figure 3. One model of shelter

~ configuration A and two models of shelter configuration B were tested
individually in the GRARS facility, also shown in Figure 3.

‘Before the fest-bed material was placed in the facility, the
nec;ssary instrumentation cables were pulled through cable entrance holes
located near the base of the facility. At the mouth of tl.e accéss holes
the cables were packed in foam to seal the access and isolate the cables
from shock. The cables were connected to a junction box at the surface.

The test-bed material was a locally proviqed, washed and dried
concrete sand conforming to ASTM Specification C-33. The sand was placed
~in the.faéility by a raining technique. Stockpiled sand was transportad
by a front-end loader to a hopper that carried sand into the raining
device. The device, shown in Figure 4, was rotated around the circum-
ference of the tést facility. The flow pattern was controiled by varying
the number of holes in the bottom of the device. This system was capable
of delivering sand at a rate of approximate]y‘38 m3/h.

It has been shown that when sand is rained from the height required
for the particles to achieve terminal veiocity, a near-maximum uniform
density is obtained. Experiments conducted by NMERI have shown that the
sand must be rained from a height of at least 610 mm if it is to reach
terminal velocity. The height of free-fall for the sand in the GRABS
facility ranged from 2.3 @ to 14.6 m. Density measurements were taken
at 1-m interva]s during the test-bed buildup. A Troxler nuclear moisture

densitometer with probe depths of 152 mm, 203 mm, and 305 mm was used for
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Foam HEST Detail

Reiqforced Concrete
Cylinder (GRABS Facility)

Typical liner properties

Reinforcement: Top
6.10 m

Vertical: 1.00%

Hoop: 4.50%

Steel plate liner: 6.4 mm

Assumed rock properties

£ = 5170 MPa
No tensile capability

L T T I TR I PN

Bottom
8.53 m.

0.25%
2.00%

thick
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this purpose. The average test-bed unit density was 1746 kg/m3.

The models were seated in the test-bed at the proper depths. In the
GOVS-3 test, the model was cerefully se&ted in a grout solution directly
on the bottom of the facility. Instrumentation cables entered the model
through 50-mm-diameter holes spaced along the ]ength of the model, and‘.
were.protected by an enczsement of poiyviny]ch]or{de (PVC) pipe near the
entrance holes. At each instrumentation level the cab]és were routed
horizontally to the wall of the facility, down the side,.and then out
through the cable éxit ports.

When the sand-raining, the free-fiefd instrumentation placement, and
the.structural gage placement had been completed, the closurs was bolted

to the model with eight 13—hm-diameter bolts torqued to appfoximately 200

N-m. Preparations for the placement of the explosive charge were now
complete.
TEST ENVIRONMENT

The required environment for the GOVS test events was a vertical

-~airblast having a peak overpressure of 8.3 MPa and a scaled yield of 23

kt {scaled 5 Mt} with a simulation time of 12.5 ms. The scaled Brode

pressure-history and impulse curves for the desired envirorment are

plotted in Figure 5. A HEST structure (Reference 7) was used to gererate
the envircnment. A modified form of the Lock-up Impulse Code (Reference
7) developed for the HP 9820 programmable calculator was used in the
initial design of the RLST.

Because experimental data on the per.urmance of the foam-cavity HEST

in a confined environment were :.available, three calibration tests were
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conducted to define the HEST. The final design of the HEST used in the
GOVS test events consisted of a 100—percent!f0am-f1]1ed cavity, 143 mm
high. Four layers of 13.7-gr/mm detonatingfcord were evenly distributed
throughout the cavity. The charge density gf the explosives was 14.7
kg/m3; the total weight of the explosives w;s 48.8 kg. A single-point
detonation scheme at the center of the HESTFwas used to ignite the system.
- Approximately 300 mm of sand was rainea in above the HEST as a base
for the soil surcharge. The surcha-ge, whi%h consisted of KMcCormick Rénch
soil, was dropped into the facility. The tgta] height of the overburden,
sand and surcharge, was 2.29 m. Its densit} was 1326 kg/m3 and its total

i

weight was 71,823 kg. ‘

|

|
PRETEST PREDICTIONS

A SAMSON dynamic finite-elemen- computgr code (Reference 1) was used
for the GOVS pretest predictions (Reterences 3, 4, and 6). The SAMSON
code was developed by the I11ino01i: Tnstituté of Technology Research
Institute, and it was later modifind and exFanded by AFWL. The code is
. particularly suited for handling problems involving nonlinear material
properties and a large number of degrees of freedom. 1t was designed
specificaliy to investigate SMI problems.

The two-dimensional (2-D) model used fﬁr the GOVS SAMSON predictions
consisted of the test structure, the sand tést-bed, the wall of the GRABS
facility, and the limestone along the side bf and beneath the GRABS
facility. Only a unit arc section of the tést configuration was modeled
bezause of the’axia] symmetry of tﬁe applied load and the symmetry of the

test-bed. The centerline of the model was fixed radially, but was left

|
|
|

B T




free to translate vertically. The exterior bound:ries of the model were
totally fixed. |

Sliding-separating boundaries were uged in the meshes t» model the
jnterfaces between the sand and the test structure and between the sand
and the liner of the GRABS facility. The :1iding phenomenoﬁ is charac-
terized in thé SAMSON code by the Coulomb friction law and is limited to
smail‘displacement behavior.

The surface of the test-bed in the finite-elecaent model was loaded.
with a double exponential fit to an average pressure history generzted
from the third calibration shot for the GOVS-1 calculation. The pfessure
history used for the GOVS-2 and GJVS-3 calculations was a double exponen-
tial fit to an average of the GOVS-1 data. The gnvironments used in the
calculations are shown in Figure 6. For input into SAMSON, this pressure
history was approximated as a series of linear segments. The pressure
was applied as a sweeping wave tra-eling yrom the centerline of the test-
bed ta the wall of the GRABS facility. A ti-aveling wave was vsed in the
calculation to simulate the conditions of a single centerpoint HEST
---detonation. -

On the basis of the calculations, the following predictions were
madeg
GOvS-1
1. The entire shelter would transiate as a rigid boady, with an average

peak vertical velocity of 6 m/s to 8 m/5s and a permanent downward
displacement of approximately 100 mn.
2. The closure would permanently deform downwarcd at its center, with

tensile cracking of the concrete occurring in the bottom at the center.
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The coicrete below the closure bearing would undérgo limited plastic

deformation.

The concrete wall of the tube would be severely distressed {mmediately

below the transition, with extensive concrete cracking and buckling of

 the reinforcing steel occurring nver at least a 0.3-m-length of the tube.

GOVS-2 (Results of the GOVS-1 test were considered in the GOVS-Z -

].

predictions.)
The entire shelter would translate as a r191d body, with an average peak
velocity of 5 m/s to 6 m/s and a permanent dounyard displacement of
approximately 70 mm. | o '
The closﬁre would displace downward but remain ejastic.
The concrete below the closure would also remain elastic.

The concrete wall of the tube would remain elastic, and the primary

© response would be axial compression.

The base would undergo‘bending. which would be minimally transmitted. to

the wall.

GUV5-3 (Results of the GOVS-1 and GOVS-2 tests were considered in the

1.
2.

60VS-3 predictions.)
The closure would displace downward but would remain elastic.
The primary response of the structure would be axial compression, and
the structure would remain in the elastic region. |
The base would undergo s1ight‘bend1n§ but wéuld remain elastic.
Possible areas of distress *suld include:
2. The bearing area of the structhre. where crushing of the concrete
might occur. |
b. The intersection of the base and the wall of the structure, where

high compressive stresses might develop.




R o O I P L e AL o KA SN N VN

AT B RRER T SAL T e

TEST RESULTS

The GOVS-1 test structure experienced significant distress in the
tube and base. Several circumferential compression cracks were.observed
jn the top portion of the tube, and a major cohpression failure occurred
in the tube wall at the 2.5-m elevation, as shown in Figure 7. The
strq{n-gage data from this region indicated that the distress had been
caused by the direct airblast loading of the structure. The base df the
structure experienced torgidal berding, and tension Eracks developed in -
the bottom of the tube and in the top surface of the base.

Unlike the GOVS-1 model, the GOYS-2 model did not fail under the
airblast loading. However, the structure did experience minimal distress
in the tube section at a depth of approximately 6.35 m. At this location,
circunferential compression cracks and longitudinal tension cracks wefe
obser?ed on the outside wall of the structure around 75 percent of the
circumference, as depicted in Figure 7. Circumferential-strain gage data
from this region indicated that the distress was a resu]tvof toroidal
bending of the tube wall at the base.

The GOVS-3 test structu;e experienced significant distress in the
tube section at a depth of 6 m, where circumferential compression cracks
were cbserved on both the inside and outside faces of the model wall and
around its entire circumference, as shown in Figure 7. Llarger cracks
exposing buckled reinforcing bars cn the i{nside face of the wall indicated
that toroidal bending of the tube section had occurved at this location.
It is apparent from the test data that the failure was not caused by
direct airblast loading but by a combinatfon of shear loading at the soil-

structure interface and a shock wave reflected from the base of the model.
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CONCLUSIONS

The GOVS test series provided data that were used to investigate the
effects of variations in the structural details of the shelter models and
in site geology on the response of d vertical shelter to airblast 1oading:

. The effects of varying structural details were evaluated by a comparison
of the GOVS-l‘and GOVS-2 test results. The effects of varying structure-
to-bedrock depth were éva]uated by a comparfson ot the GOVS-Z and GOVS-3
test data. The test data were also compared to pretest predictions made
by a 2-D SAMSON dynamic finite-element computer code for the purpose of
evaluating the predictions. ‘ | '

When the GOVS-1 and GOVS-2 test results are compared, it is apparent
that the lower strength of the concrete in the GOYS-1 model and the
presence of the shelter transition section (with the correspondingly lower
t/r ratio of the tube section) had adverse effecis on the response of the
GOVS~1 model. The GOVS-1 model experienced significant distress in the
tube and base, whereas the G0YS-2 model experienced qn]y minimal distress

'“in the tube section near the base. It can be concluded that the varia-
't1ons in structural detail affected the response of the models as follows:
1. The headworks and transition region of the GOVS-1 model flexed
considerably hore toward the interior of fhe structure than did

that of the stiffer GOVS-2 model.
2. 7he initial peak strain at the top of the tube in the GOVS-1

model exceeded that of the GUYS-2 model because of the reduced
cross-sectional area and Tower strength of the concrete in the

former,
3. The GOVS-1 tube section, with its lower t/r ratio, deflected more

T
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radially inward than did the GOVS-2 tube section.

4. The behavior of the bases of the models was similar. Toroidal
bending of the structure wall in this region was evident in both
models. This bending, however, was mi.ch more pronounced in the
GOVS-1 model with its thinner wall ard less stiff concrete.

The effect of placing the vertical shelter directiy on Bedrock was
eva%uated by a comparison of the GOVS-2 and GOVS—B tests. In botﬁ tests,
the predominant model response was axial compression. In the GOVS-3 test,
however, a shock reflection from the bedrock magnified the tube stresses
and strains in the region of the base of the structure. The stresses and
strains caused by this reflection produced severe distress in the base of
the GOYS-3 model. Because the two tests were similar in every detail
except depth to bedrock, it can be concluded that it is not desirable to
place a shelter directly on bedrock.

The pretest calculaticns and predictions perfofmed by the SAMSON
dynamic finite-element computer code were in good agreement with the test
data. The caiculations for the first two tests accurately oredicted the
" overall response of the structures. However, discrepancies between the
predicted and the measured timing of the free-field soil stresses and
magnitude of the interface normal and shear stress indicated that the . : - ‘ E
material model for the soil and the friction coefficients at the soil- | ‘
structure interface should he modified. Consequently, these parameters
were modified for the GOVS-3 calculation, and when the predicted and the ;
test data for the GOVS-3 were compared, it was concluded that the modifi- |
cations had adequaiely corrected the irregularities found in the previous §

calculations. Howaver, uncertainties associated with the accurate

g




modeling of the behavior of the soil-structure interface invite further

study.
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SUMMARY: Protective Yertical Shelters, by Yan G. Narain, Jerry E.
Stephens and Gary E. Landon. The GOVS test program, consisting of three
tests on Missile-X (MX) vertical shelters, was concerned with the effect:
of site geology and structural detail on chelter response, Pretest
calculations were performed for each test.
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KEY WORDSG: Axisymmetric model; Dynamic response; Gfant reusable afrblast
simulator (GRABS); GRAPS on vertical shelters (GOVS); Structure-media
interaction; Missile-X {MX); Reinforced concrete; Shelter configuration;

Vertical airbiast; Vertical shelters

ABSTRACT: The response of buried vertical MX shelters to vertical

airblast and to airblast-induced ground-shock lcadings 1s examined. Three
tests were conducted on 1/6 scale reinforced concrete models to investigate
the effects of site geology and structural detail on shelter response.

The experimental data provided an insight into shelter response, and was
also-used to evaluate the accuracy of pretest calculations and predictions.



DETERMINATION OF SOIL PROPERTIES

THROUGH GROUND MOTION ANALYSIS

John Frye
Normanallpner
5 June, 1981

ABSTRACT

A metho& of calculating in sftu one dimensional stress-strain soil
properties from vertical gqround motion is presented. The method relies

on the fact that superseismic air blast ground surface loadings produce
ground motions that are very nearly vertical and one‘d1men510na1 in
character. Therefore the equations of motion that govern the respon§e are
simple and may be inteqrated to obtain 659 dimensional stress-strain
retations. Thus, results from tests that incorporate superseismic air
blast surfacé loading and sensors tc measure vertical motion at various
depths in the soil can be used to calculate soil stress-strain properties
directly. The method accounts for mu1£ip1e records at a qiven depth and
features technigues for'character1z1ng respunse histories and 1nterpolating .
velocities at depths between those where measurements have been made, As
an example, for the DISC HEST Test 1 event, conducted in Ralston Valley,
Mevada as part 0f the MI develooment program, the site propertics are

computed based on the free field data,
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DETERMINATION OF SOIL PROPERTIES THROUGH GROUND MOTION ANALYSIS

PR

J. M. Frye! and N. Lipner2, M. ASCE

INTRODUCT ION

The ground response to overhead highly superseismic airblast loading
(afrblast shock speed faster than'grOund shock speeds) {s nearly one-dimensional
uniaxial strain and the motions are nearly vertical. Soil properties for

prediction of these motions have typically been determined from dynamic

unjaxial strain laboratory tests. waever. the process of extracting soil
samples from the field can disturd the material and, as a resulf. the laboratory
properties could be different from the in situ material bdehavior. | |

An approcch to determine the in situ properties §s to perform a field
.est where the ground surface is loaded by superseismic airblast. Data from
sensors that measure verticsl motion st varfous depths in the ground could
then be used to calculate the unifaxial strain properties of the soil by use.
of the one-dimensfonal equation of motion.

One type of surface loading that has been used to obtain a one-dimensional
response is the DISC (Dynamic In Situ Compressibility) HEST (High Explostive
Simulation Technique) test shown in Figure 1. This test employs a circular
region of explosives that s center detonated. The detocnation propagates .
cutward fast enough that the early-time response to peak velocity is essentiaI\}

one-dimensional within some region under the loaded area that {s governed by

the disc radius and the soil properties. Because of the finite propagation
velocity, time at any range from the centerliine {s measured with respect to

the arrival of the overhead airblast at that range.

1. Member of the Technical Staff, Hardness and Survivability Laboratory,
TRW, Redondo Beach, CA 90278

’ 2, Department Head, Hardness and Survivab{lity Laboratory,
TN, Redondo Beach, CA 90278
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mHALYSIS FORMULATION
The one-dimensional equation of motion relates the vertical normal

stress gradient to the acceleration of the sofl.

]
!

30, & bl : ()

e

Iz
|
|
Here z is the vertical coordinate (Fig. 1), o, is the normal stress in the s

direction (tensile stress is positive), and o is the soil density.

}

Equation (1) can be integrated with respectito depth from the ground

i

surface to a depth 3 to obtain the fo]lowiné equation for stress:
| ‘

|
|

. ‘ 3
o, = -p(t) +£ 0" ds | ' (2)

1

where the constant of integration, pft), 1sithe surface pressure-time

history, a boundary condition of the prob]eﬁ, and the first time deriva-

tive of velocity, ba, replaces the second éime derivative of displacement,
The ore-dimensional strain, €y is th% derivative of the vertical

displacement with respect to depth.

du
€ == (3)

Taking the time derivative of Equation (3) nrovides the following relation

for the strain rate ¢_:
I 3v, o
2 "3z T3z - ' ‘ (4)

and integrating Equation (4) gives the following relation for strain in terms

of velocity:

}[t e | (5)
¢ = A '
2 ° 3z |

The canstant of inteqration is zero hecause the strain in the soil is




measured with respect to the geostatic strain and, therefore, {s zero at
time zero.

From Equations (2) and (%) ft is seen that 1f tha vertical component
of velocity is dcfineﬁ with respect to time and depth, then stress an”
strain may be directly calculated from derivatives of the velocity by
performing integrations with respect to depth and time. The pressure ~

time history at the surface and estimates of the sofl density are also

required by Equation (2).

Evaluation of the integrals of Equations (2) and (5) requires
xnowledge of the velocity field for the complete space-time region of
fnterest. In a test, motion sensors at only a limited number of depths can
be implanted because of cost, as well as physical constraints. Therefore, a
ﬁethod must be dgveloped to interpolate from the data avatlable for a limited
number of depths to the velocity history at ary depth.

In many test events, more than one record is avatlatle at some depths,
so that if one sensor is faulty, all of the velocity-time information
concerning that particular depth is not lost. Data records available for
a particular depth will vary from one another due to a numder gf reasons,
such as variatioh from one location to another of soil properties and surface
.pressure-time histories. In examining the velocity-time records taken at
- a particular depth, it 1s not always obvious that one particular record is
the most accurate and representative of all. Thus, some method éf including
all acceptable records taken at a particular depth must beAemp1oyed in
defining the velocity-time history to be used in the interpolation process.
Clearly some records that show anomalous results, not representative of
motfons that are physically plausable, should be excluded from consideration

Such records might be taken from sensors that either were poorly finstalled,
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were destroyed by the shock Toadihg. or produced records that were
extrenely noisy.

The method chosen for interpolating the measured veiocity records uses
a transformed coordinate system with a time-11ike coordinate & that remains
constant with depth along specific characteristics of the velocity time
history. At the beginning of motion, & is always taken as zero; at peak
velocity, s equals 1.0; and at the end of the velocity record, & assumes
some large value such as 10. Other values of o are chosen to follow
percentages of the peak velocity, as shown in Figure 2. Mathematically,

. the transformation s as follows:
5! =5
(6)
8 = f(a,t)
where z’ is the depth coordinate of the new coordinate system.

‘This transformatfon §s pieceawise 1inear between depths where velocity
records are available. Averaged characteristic information available from
the records at each depth is used. At constant deﬁth, the time-Tike
coordinate & is related to ¢ through a series of straight 1ine segments between

-8 and t values established for particular velocity record characterfstics,
Details af the fofmu1ati§n of the transformation and other matters conceraing
the interpolation between records at different depths are given in the
appendix.

Tne interpnlation of the velocity between depths where data are
available §s done in the 2', g coordinate system along lines of constant
9 values; i.e., the interpolation is performed with respact to specific
velocity record characteristics. Peak velocities at adjacent depths where

data are available are used to interpolate the peak velocity at in-between

depths. Thus, half-peak velocity data are used to interpolate half-peak velocities.




and so on. _
In ordes to establish a unique definition of the velocity hiﬁtory at a

gfven depth, the velocity record is broken up into a series of segments that
beyin and end at speéific g coordinates. The segments are taken to be the
same at all depths torming a grid work in the z’, s space as shown in
Fiqure 3. The v§1oc1ty history at each depth and over each segmeﬁt is
represented as a cubic function with the beginning and end of each segment
having the same velocity value as adjacent segments so that step changes in velo-
city (infinite acceleration)vare ruled out. The parameters of the cubdic 1nterp61ation
functions are evaluated based on a least square fit to the velocity records
“at the depth in gquestion. o
Interpolatfion between depths is done using an exponential function |
that begins ai the adjacent upper depth and ends on the adjacent lower depth.
Extrapolation of velocities to depths above the shallowest depth for which
data are available is performed by extrapolating the exponential interpolation
function derived for the region between the tw§ shallowest depths. Velocity
at depghs beluw the deepest depth for which data are available is obtained,
in a similar manner, from the’intarpoiation function of the two deepeﬁt
depths.
Having established a method of deriving unique velocity records for
ali depths and times from the measured data, stresses and strains are
calculated from Fquations (2) and (5) using central differencing and
standard rumerical integration techniques. The results of the analysis
have been found to be rather insensitive to the discretization used in the
numerical analysis. The major factors {n the analysis appear to be the

choice of velocity histories and of interpolation segments.
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ANALYSIS RESULTS

Soil stress strain relations have been calculated from one-dimensional
finite difference calculation results, as a check on the analysis, and from
DISC HEST test data. The finite difference ca1cul;tion considered two dry
soil layers over a wet scil half-space (Reference 1). The dry soil layers
had linear loading and linear unloading moduli. The loading modulus for |
the Tower dry soil material was 1.5 times as stiff as for the surface
layer; the unloading moduli in both Tayers were about an order of magnitude

stiffer than the loading (Fig. 4). The viiocity histories from the calcu-

lation were input into the analysis developed herein, with the stress-

strain curve results shown in Figure &, For this analysis, velocity
histories were used at every 1.83 m (6 ft) of depth from the surface down
to 18.29 m (60 ft) and every 3.05 m (10 ft) of depth from 18.29 m (60 ft)
down to 45.72 m {150 ft). | |

The technique is able to track properties that change with depth and
is able to follow unloading along entirely different slopes than the
loading curve. The unloading results are less satisfactory than those for
the 1oading.port10n of the response. "However, because the unloading is so
steep, 2 small change in strain can make a large difference in the slope of
the curve. The results also show that the method predicts a gradual, rather
than a sharp, change in properties with depth. This {is attributed to
smoothing and other approximations inherent {n the use of exponential and

cubic functions to perform the required interpolations.
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When using theoretical results, velocity records are avaiiable at
the surface as weil as at large depths. With experimental data, surface
velocity histories are not known and histories at deep depthy are likely to
be infiluenced by freé surface reflections from outside the loaded area
that produce multi-dimensicnal response characteristics.

After gaining experience with the technique using analytical results, it
Qas then appiied to data from the DISC HEST Test I event (Reference 2)
conducted ip Ralston Valley, Nevada. The HEST cavity radius on this test
was 13.7 m (45 ft), and data was obtained at eight depths down to 15.2'm
(50 ft) (Fig. 5). The data appeared to be relatively free of noise, allowing

"most of the records to be incorporated in the evaluation of the veloci;y field

history. A total of fourteen records over the eight depths (Fig. 6) were
included in the analysis. Figure'7 shows a family of interpolated velocity
histordies obtained from the analysis. | ‘

The airblast pressure history was measured at several points on the
éround surface within ﬂhe HEST cavity. A best fit through the pressure
records (Reference 2) is shown in Figure 8. This pressure history
was initially used in Equation (2) tn calculate stress histories at depths
of interest, but unsatisfactory resu1fs were obtained. The maiﬁ problem
was fhat, at the onset of incipient motion (s = 0) at some depths, the
stress was nonzero because the two terms on the right hand side of
Equation (2) did not exactly cance!. This occurred because the averaged
surface overpressur-e and the ve]ocityif1e1d interpolated from the data were
not compietely consistent,

An alternate approach is to compute a surface pressure loading from

the velocity field. Setting the stress equal %o zero in Equation (2)
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at the arrival of motion at any depth, do yields
da(t)
0= -p(t)«l-é‘ o D, dz

d,(t) ' (7

p(t)--.[ o b da .

-

A pressure history derived from the ground motion response is shown

" in Figure 8 compared with the best fit pressure historv. The pressure

histories agree reasonably well in the early timé of the motion. The
initial slope ¢f the calculated pressure loading is not as steep as that
obtained from measurements. This is probably due to smothing of the
velocity histories by the interpolation process and the difficulty of exactly
predicting ground motion at and near the surface from measurements made
below the surface. The impulse histories of the measured and calculated
surface loadings are also shown in rFizure 8, They compare very well in the
early time of the motion indicating that the interpolation process averages
out variations in the velocity histories in a manner that preserves the
overall character and energy content of the response. After about 25 ms

of response, the calculated and measurad pressure and impulse histories
begin a significant divergence. This can be attributed to the reduction

of the vertical ground accelerations by edqe effects. The divergence of
the pressure histories may serve as a time marker for *the demarcation of

when two-dimensional response becomes important.
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Examination of the data in Figure.7 shows that peak velocity is

achieved within 25 ms down to a depth of about 8 m. For larger depths,

| the time to peak velocity increases with depth at a faster rate than

might be expected for one-dimensional response. Information on properties
at deeper depths can bé obtained from two-dimensional finite difference
calculations, however, assumptions are required to obtain the uniaxial
strain properties at the depths because the response is two-dimensional and . -
essentially only vertical motion records are avai]able; '

Figure 9 shows the 1ntérpolated uniaxial strain stress-strain piots

obtained from the velocity field and the derived surface overpressure.

- The initial slope of the stress-strain curves and the 4 Mpa secgnt.modulus

are plotted as a function of depth in Figure 10 and éodpared with the
seismic velocity prbf11e of the site. The loading properties show relatively
small variation with depth down to 9 m. The unloading properties are not
well behaved, but most of the unloading occurs after the 25 ms of one-
dimensional simulation time.
The initial slope of the interpolated stress~str§in cﬁrves,produces a
modulus that comparés better with the seismic results (except very near‘fhe
surface) than does the 4 MPa modulus. This is to be expected since the

modul{i obtained from seismic measurements are representative of the soil
response at very low stress values. The 4 MPa modulus is consistently
lower than the seismic or initial slope values. This reflects the softening

of the soil with increasing stress, characteristic of cemented granular
soil.

The seismic profile shows a soft sofl layer in the top 1.5 m (5 ft)
that is not present in the results of the interpolated stress-strain curves.
It is possible that the material is behaving stiffer than would be expacted
from the seismic profile, because of strain rate effects. However, the
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fact that the interpolated peak surface pressure is lower than {about 15 percent)

the averaged pressure gage data indicates that the near surface motions
were actually larger than those used in the analysis, which would result
in softer near surface properties.

Better results might be obtained by making use of seismic velocity
information in extrapolating vélocity field data to obtain surface values.
The second depth that velocity data was reccrded in DISC HEST Test I was at
1.5‘m, the same depth that a sudden hardening of soil modulus was indicated
by seismic data. Thus thé second velocity history occured at a transition

region in soil properties. The velocity response at this depth then

© contained information that was more characteristic of the soil below the

transition boundary. Therefore, the extrapolation of motion field to

the surface was influenced by the second seismic layer. An alternate
approach to performing the extrapoiation would be to increase the peak
siurface velocity until the interpolated peak surface pressure was in
agreement with the data. In cases where it is important to more accurately
define the material properties in this very near surfacé layer, then gages
at two depths within the layer (such as 0.5 and 1.0 m) should be used in

the experiment.

10
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. technique for determining in situ mechanical properties.

CLOSURE
The purpose of this paper {s to demonstrate a methodology for

determining uniaxial strain mechanical properties of soil solely from

velocity time histories obtained from a high explosive field test event.

It is similar to the LASS (Lagrangian Analysis of Stress and Strain)
methodology developed by SRII (Reference 3) for analysis of spherical

motions. However, for the spherical case both stress and velocity data

are needed.
Analysis of in situ field test data is generally the most accurate
The material

property inversion technique described herein represents a first step

in the ana]ysié of the data; the complete development of properties at a

site would consider all available relevant information, such as seismic

and laboratory test results. The properties dériyed from in situ data

might then be smoothed or adjusted based on auxiliary datz, as lonq as these

changes were within the uncertainties of the in situ analysis. These

revised properties would then be used in one- and two-dimensional finite

difference calculations to verify their adequacy.

1



I G e R 3 g s AR s TR A BN, o 1 o T i B R 20 N S AL AN B, OO B AL T A

e T A AR TS g T, TR e

GONCLUSIONS

(1) Dynamic stress-strain properties of in situ soil may ba derived
directly from velocity histories taken from surface pressure loading

tests, using the method described herein, down to depths where the ground motion

is sufficiently one-dimensional. Results have been obtained from experi-

mental data for the DISC HEST Tesf I event,

(2) Surface pressure histories may be derived from the velocity data for
the duration of one-dimensionﬁl response. This can provide a check on the
consistency between preﬁsure and velocity data. The time when the measured

and derived surface pressure loading diverges is an indication of the

duration of one-dimensional response. In the DISC HEST Test I event, the

measured and derived impulse histories were in reasonable agreement out

- to about 25 ms .

(3) The interpolation functions used in the technique are effective in
deriving soil velocity as a continuous function of depth and time. Since
the functions are based on meésured rather than hypothesired sof! response
characterjstics they should be able to be applied to tests with different
s0il tybes with equal success. Thié approach can also be generalized to

apply to motion fields that are dependent on two spacial coordinates.
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Appendix I - Derivation of Coordinate Transformation and Interpolation
Functions

There are a number of characteristic times that are clearly important in
descriding a velocity reccrd (th; 2). The two times of dominant importance are
the time when the motion begins an& the time when the velocity reaches 1ts greatest
absolute amplitude. Other points such as the end of the record and time
where the velocity attains given fractions of the peak velocity serve to
complete a listing of the important characteristic time points of the
record. The points that serve to best describe the records may be assigned
tabels that we will denote by the symbol ¢. For convenience, the labels
can be made numeric and assigned values that increase with time for a gqiven .
record. By convention the start of motion is at £=0; the peak velocity |
fs at s=1.0; and the end of the record {s assigned a large number such
as 2=10. Points between the peak velocity and the end of the record
havé s values between 1 and 10 and points between the start of motion
and the peak velocity have a values between O and 1.

Once a set of # labels have been chosen théy can be applied to all
of the records at all of the depths. The value of s remains constant with
depth 2long a characteristic line connecting similar time points of different
records. At a given depth, points with particular values of s form clusters,

The best estimate of where particular s points ought to fall can be obtained

by calculating mean values.

14
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E(zi,s) - tj(:i,:) , (A-1)

where t(zi,a) is the time of characteristic yoint s at depth 2, and record §;
Z(z;,a) is the average time of characteristic point ¢ for depth 2.3 and

n; is the number of records at depth %,

TTo estimate values of s between depths where records exist, a straight
1ine can be drawn between the average time of the various & labels for
existing records. In this way, a family of segmented constant & curves
may be obtained, which can be considered as a new time-depth coordinate
system. Speéific features of the velocity response history, for each
depth, occur at constant values of tne time 1ike g coordinate. The symdols
of the new coordinates z',8 are related to the x,¢ coordinates by the

following transformation relations,

' =3 (A-2)
8 = f(a,t)

In order to furth;; define the function f(x,¢) the variation of ¢ as
a function of ¢t at a given depth must be specified. The simplest choi:e,
and i&s one that will be shown here, is to let s vary as a 1inear function
of t between each of the labeled values of s. The 1iﬁear function has the
advantage that it guarantees that a unique mapping of @ onto ¢ coordinates

exists and vice versa. This linear relation between & and ¢t is {llustrated

13
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in Figure A-1 and shown in equation form below

I;-Z(z,a(i))]

(i) (i+1) (1)
+ (e -8 - ¥
[E(z,a{t+1)) - ?(x,a(t))]

)

s =g (A-3)

for #(s,a') <t <¥s,6/*))
where a(‘) is the value of & at the Z'th characteristic point on the
velocity history. Equation (A-3) can be rearranged to give the solution

of ¢ as a function of a.

(i)) . [3(:,s(i*z))-Z(x,:[i))](g_a(i))

t = 3,8 (A-4)
(o (41 _y ()
for sfi)s a< 8{13»*1)
The terms E(z(i),s) are linear functions of depth. In equation form
the relation for i(z,8'%/) is

\ (<) (<)
ff(zj*l,a ()-i(zj,a )](z-fi?

3j+1"j)

205 o(t)) m 20y olt)
(z,8" ") Z(za,a )+ (A-5)

for g <z < zj+1

Equations (A-3) and (A-5) define the function f(a,t) of equation (A-2).

The inverse transformation equatioun is

3 = 3! ‘ R (A-S)
¢t =glz’,8) :

The advantage of the courdinate system {s that it provides a convenient

framework for interpolating velocities between depths. Points at a=}

will be related to peak velocity values anly; points with a=1/2 will be

related to valocity values that are at 1/2 of the peak value, and so forth,
At each depth a variety of records are typically available. For

those records at a given depth that are valid, we have the problem of

forming a function that is rapresentative of the velocity response

hMstory. Since the records are complex 1t {s impractical to consider

16




using one equation to represent the entire time history at a given
depth. An equation of this kind would 1ikely be complicated and might

vary in form dependi 7 on the depth. A more realistic approach is to

segment the velccity record and treat each segment independently of the
other but at the end points of a segment have velocity values that match

up with those of adjacent segments. For convenfence we will require that

coamon & values be used to define segment boundaries. It is usually better

to have a larger numbar of segments to define the history at the beginning

of the motion than at the end of the velocity record. The time history

at the beginning of the motion changes more rapidly than at the end and

" thus should be more carefully described.
‘Lagrangian interpolation functions are particularly well suited for

:
4

establishing the velocity histories for the varfous segments of the response

at a particular depth. These kinds of functions can be readily defined to
any desi ed order, but the higher order functions have unfavorable properties,

Since the function must describe the veiocity history over only a segment of

the total time of the record, a cubfic function should be adequate to give a

i PP S

good description of the required motion. The general form of a cubic

Lagrangian interpolation function is as follows:

o (a) = (a,,-8)(a, -28)(a,, -8) Vi N (a,,-8)(a ,-8)(a,,-8) Viso i
1J (a;gma; ) (a;z-a, J(a  ~a. ) la;,~a;.)(a,—a ) (a, ~a.,) i
(A-7) '

(ail-c)(aiz-a)(a 3-3) vtg4

(a 1-0)(4 -a)(ai4-a) vii§ .
?ail-ai4)(ai2—ai4)(ai3 14 )

)(a ai3)(ai4.a£3)

(atl 3

e e st

Here ”ijz’ vijZ‘ ”1’..7'3 and ”1‘44 are the velocities at each of four s |

coordinate locations Qigs Bios Qig and ay within segnent £ and at depth j, and

R -

Vg is the function defining the velocify history for the <¢'th segment and

J'th depth. The locations a;; and a4 will be considered to occur at thel i

17
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beginning and end of segment 1.

At the point where s is zero, the value of veloﬁity is zero also.
This is always true by definition since the z<0 point {s taken to be
the point in time where the motion response begins. Thus, for the first
interpolation segment between s=0 and 8284 where g; 1s the value at the
end of the first segmen*, the yalue vijl is zero. The values ”ijz’ ”ijs
and ?£J4 2re still unknown,

For ahy given time history at a particular depth, errors will
occur between the velocity given hy Eguation (A-7) and the time history

value. For a given value g the error can be written as

. Esk(a) = v;k(a) - wij(a) | (A-8)

-h.v. h h (A-9)

Ejk(s) - ij(s) - hilvijl i2%ij3 ~

137153 = "i4¥ij4
where Vﬁk(s) and E}k(a) are the velocity and velocity error, respectively,

for +ime history k at coordinate s and depth j and

" (aiz—e)(ais-a)(ai4~e)

11 Y&iz-all)?&is-ail)(a£4—ai1)

., (ayy-8)(a;;-e)(a ,-e)

12 {cifai.?) (ai.B-aiZ) (ai4-ci2)
(A-10)
. (diz—aJ(aiZ-s)(ai,-e)

13 Gil'aﬁ)(aifaiz) (ait;.ai.})

(a;,-e)(a.,~8)(a .-8)

v

h,, = - , v
(A Ayt aggmagg/ia agy
The error value E,k(s) may be efther positive or negative; however,
o

only the absolute amplitude o7 the error value {s of importance. The

square of the error value Eﬁk(a) {s always positive and is then a better

18
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error measure for the purpeses of judging the ability of the functfon vjk(a)

to fit the velocity-time response v&k(a).

The total error is not just that measured at one coordinate value
for one record but is the integral for all points s over the segment

summed for all of the records available at a given depth.

; / k(a)ds V(A-n)

.
Epig ’;j (Vii(8)=hy0; 1ok g0;c0ohi g c3 P01 4] d8 (A-12)

We must select VE]OC1tIES V:.0p Vs:pp and v, ., that minimize the totai
. 132* “1ij3 174 ,

' error -E 15 We will assume that the value vijz is always constrained by

'cont1nuit} recquirements with segment i-1. If we evaluate the segments in

order stz 'ting with Z=1, we need only match the constant vlj! for segment

1 with the constant v, ., for segment 2 to preserve cbntinujty of velocity

between segment 1 and 2. The constant vzjz is always zero since it corresponds

to the beginning of motion. In'evaluating the constants for segment 1, we

and v1 4 1f v1j4 is set equal to

then for the second segment only the values ”zJZ’ V933 and Va4

need only find values for vii20 Y153

”2j1 need

be evaluated. The process can be continued for all of tne segments.
The positions a:q and a., then must fall at the beginning and

end of the segment.. Thus a;; = 8; 4 and @, ai.' The points a:q and

a.q can be chosen as equally spaced along the segment. Thus
%1% %1

L1,
Qg = 81+ 308;70: 1)
(A-13)

2
Apz = 8; 7 + 30078, 1)
g ™ 8

t

19
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The error function Emji {s always pesitive and {s a quadratic

function of the terms v,. , v.., and v.., . It vollows that its minimum
132* 143 174

and ”ij4

are all zero. These conditions produce the equations for the determination

»
occurs where the derivatives of ETji with rgspec. to ”ijZ' ”ijs

of the unknown velocity constants.

i ns 8
1 .
it | %2 : i e
3. 0 j{ U-Vadp # hyghpaPiin * Pio¥iin * FidhisPijs
=7 “8{.1 ‘ (A-14)

hyghigvglde
3E ;E : t 2
Tji =0 = ['vﬁkhis + hi1h£3v£j1»+ hizhizvijz + hiﬁvijs
=1 “8;/_ ) - (A°15)

173
+ hishi4vij4]d8

8
1
35’ > = = -
Bpit =0 J( U-Virhig * Podhog¥igr * Podhiaisa

i34 k=1 78i-1 (A-16]

2
. # highiViss * Mig¥ige0ds
Evaluating each term of the summation and irtegration processes of

Equations (A-14), (A-15) and (A-16) separately and placing terms of known
value on the right hand side of the equation with terms of unknown value
on the left hand side of the equation produces the following results:

=F,

=F o -
33150 * C33%1:3 * C34¥554 = L3 | {17

Cos¥i52 * C25%153 * Co4Vij4

' .. e, ® F
C2%ij2 * C3a¥i73 * CadPiie T Yy

PN
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where n.

‘ , n,
o, N AP
' - - - ' -23
i ¢59 2: / n da (A-18) ¢, ?:f K s (&-23)
% =1 Y8;_1 =1 7 8; 1 '

. n. 4 ‘.
‘ a8
' Cys -—-:): hooho ds  (A-19) 7, -2 / (Vabszhiig? ml)da (A-24)
k=1 J o R
1-1

n. PO 8;
. ’; f 2 hogde (h20 z; / (vakhw-kuhﬁum)ds‘(A-zs)
k=1 <841 = '
n. o,
05 =2/ hE yds (A-21) Z;[ (Vohsg huhﬂv 57048 (A-26)
8:-1 '

B e e ]

K=]

i L re
l . €34 ‘2 f hifhigds  (R-22)
‘ k=1 Y8; 1

§ Equations (A-17) are a set of three linear relations with constant

coefficients and three unknowns that can be readily solved. The solution
is not a majorlproblem once the constant coefficients Cggs Cg30 at¢., and
the right hand side constants FZ, s and F4 are known. However, these

constants require an integration that is not trivial. The functions hiZ’

h. h£3 and hi4 are not simple, and the velocity functions Vﬁk are typically

12
defined at a finite number of points rather than in a continuous manner

due to the digital definition of the record. Tﬁe 1ﬁ£egrations for the
coefficients of the equation can be carrfed oﬁt numefically with no difficulty
since the functions are defired for all values s within the segment. A
standard procedure for performing the numericai integratfon is to divide

up the segment into a large number of intervals, ané then evaluate the
integral based on the function values at the beginning znd end of each Of

the intervals. |

For the integration of the constants F F and F,, 1t will be necessary

2.’
to define values of ij at points s where digitized velocity data are undefined.

This problem is resolved by assuming that the velocity in each racord'varies

Tinearly between the defined vaiues. Fiqure A-1 i1lustrates the assumed

A
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variation of the velocity record with respect to s and time. By making the
assumption of linearity between the defined velocity record points, the
velocity record becomes in effec. defined at all points and the integrations
of Equations (A-24), (A-25) and (A-26) can be carried out to obtain the

constants 7, F

2* "3
With the determination of the constants vijk for all segments at

and FQ.

all depths, a set of velocity records are available at each depth that
are representative of an optimal average of all valid velocity records.
The problems now remaining are how to interpolate between depths where

velocity records are recorded and also how to interpolate from the

: velociiy record at the shallowest depth up to the surface and to depths

below the deepest where data is available.

There ére any number of schemes that could be applied tc the inter-
polation of the velocity records between depths. One could use linear,
quadratic, cubic or higher order polynomials, or one could use functions
that are appealing on a physical basis. Since some characteristics of
velocity histories are known to decay in an approximéte]y exponential manner
with depth within a given material, exponential functions should provide
useful vehicles for interpolating the velocity records. After some experi-
mentation, it was found that the exponential functions in fact produced
more favorable results than the polynomial functions. The major draw-
back to the polynomial functions is their tendency to oscillate. This
oscillation produces velocity responses that can increase with respect

to depth instead of decrease even thongh all of the points used in the

. interpolation show a decrease in velocity with respect to depth.

The simplest type of exponential fit involves placing an exponential

function between two points, Suppose it is required to determine the

22
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varifation of velociity between depths j and j+I1 along a time-l1ike coordinate

Using Equatfon (A-7), the velocities w, (1) and w;; are obtafned.

] ine a.
;' ‘ The equation must /then satisfy the following constraints.
{ .
vy f 6a+& ) (2
- Yi(je1) o5t

The constants a and b are unknown and z} and z}+1 are the depth

values at depthsgj and j+1. The equation can be solved for a and b by

|
taking the log af both sides of the equation.

1og W =a + bz’
" ’ (-28)
" log w, (J+1) =a+ bz'+1

Solving for, a and b produces the following

109 (w ) - z log (w. ]
=_‘ii_ . zf) 1(+1) (A-29) ;
! | _ i
1
;

Yog (W, y)

bz’ Y
/ (zt+1 3i)

Knowing the constants a and b, the velocity w(z’) is solved from

} - log (w..) |
L' {A-30)

the relation

|
(a+bz ') '
w(z'?:ea Z (3}, 3" < 2}) (A-31)
A specialfproblem arises when the velocities are negative or change
d
an wt( 161) in

sign between depths. In the case of negative velocities w,j
i oy

Equation (A-29) and (A-30) are replaced by absolute values and the sign of
the right hand side of Equation (A-31) is made negative instead of positive

In the case wﬁere the velocity changes sign a new velocity tem w'(z') is

\

L4 .

! J

g defined by adding or subtracting from w(z’) a constant equal to twice the
: |

» absolute value of the velocity at the lower depth point.

N |
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w'(z') = w(z’) i_zlwi(j+1)! , (A-32)
For instance 1f w(z’) is negative and w(a';, P s positive then 2|w.( +1)|1s
subtracted from w(z') to compute w'(z'). w(z'j+1) would then be equal to
Wi ie1) The experimental 1nterp§1ation !; computed in terms of w'(t’)
which always has the same sign. w{z’) is calculated from w'(t’) Ey appro-

priately «dding =7 supbtracting the constant lei(j+1)| from w'(z').
PY o aatfmt) ¥ ' . (AL
w(z’) =w'(z') ¥ 2 W02, . (A-33)

The selection of the constant 2lw., . | js arbitrary but is not a
1(j+1)

critical one since sign changes in velocity occur at late times in the

“velocity histories where soil motions are not critical in determining loading

_lopes of the soil stress-strain behavior.

To extrapo1$te veTocifies +o the surface, the velocity records of
the two shallowest depths must be used. The only piece of information
available at the surface is the time of the start of the pressure loading.
The first s label line at s= =0 can then be drawn from the first depth to
this point at the surface. The s label at &=l should fall no more than
a millisecond behind the Jabel for s=0 since the rise time of the blast
loading‘i§ very short. The s 1a5e15 falling after s=1 can be extended
up to the surface based on their slope between the two shallowest depths.
These considerations are illustrated in Figure (A-2).

Having established the s coordinates for extrapclating the velocity,
jt remains to estatlish how the ve10c1ty varies in the upper 1ayer
of soil. The recommended approach is to simply extend the exponential
yelocity fit between the two shallowest depths. If the exponentiaf form
of the function has a physical basis then this form ought to be the best

possible to use given no other information about the velocity in this

24

R L R UL



T AN 1 g s

:mry\-.}-e:,ﬁv,.m .

TR%

?"ﬁe -

Y )

regibn. In a similar manner the two lowest depths with data are used to
extrapolate down below the regidn where information {s available.
The velocity time hfistory for all times and depths fs thus obtained

by three fundamental steps. First, a coordinate transformation between

z,t and z',s coordinates is established where certain g values relate

to particular features of the velocity-time record. Second, a set of cubic

Lagrangian velocity functions are established at each depth to fit a set

of velocity records using a least square error criteria. Third, an

exponential function is used to extrapolate velocity values from the

Lagrangian function along 1ines of constant s between depths where the velocity

" functions are defined.

28
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Apoendix 11 - Notation
The following symbols are used in this paper:

@10 0s0 3,80 * time-likg & coordirate locations within interpe!;tion
segment 1.
a,b = Unknown constants in the evaluation of the exponential
function used to finterpolate between depths.

c.. » coefficients of set of 1inear equations used in least
W square solution for ”ijk'

db(t) = shallowest depth at time ¢ where sofl motion and
stress due to soil motion are zero.

E. (s) = error between velocity record j at depth k and
g Lagrangian interpolation function for time-1ike
coordinate s. '

f(z,t) = function defining time 1ike coordinate s in terms
of 2 and ¢.

gfa',s) = function defining time ¢t in terms of 2’ and s,

h h,z,k = components of Lagrangian interpolation functions ”ij(s)'

11 3? "ud

n, = the number of records at depth £,
p = pressure at surface
& = time-1ike coordinate that remains constant with depth

for particular features of the velocity response
histery.

8,,8, ., » time-1ike coordinates at the baginning and end of
interpolation segment 1.

t = time

t/z. a) = the average time of characteristic point s for
depth 3.

tj(’i‘”) = ‘the time of charactn istic point & for depth 3,
and racord ;.

u, = displacement in vertical direction (positive direction
s up).

{jk(a) = yelecity of record § and depth % for time-like
coordinate g,

26
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Appendix 11 - Notation (cortinued)

Vs

Y512 Y1722%153° %174

"ij(')

= velocity in vertical direction (positive direction

is down).

» velocity values used with Lagrangian interpolation

function for interpolation segment ¢ at depth J.

Langrangian interpolation function written in terms
of time-1ike coordinate s for interpolation segment <
at depth .

vertical coordinate (positive directfon is down) -
[(x,t) coordinate system].

vertical coordinate (x',a) coordinate system
soil density

normal stress in 3 direction (tensile stress is positive),.
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